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Preface to Volume 11

This volume contains two chapter-,, covering work with production systems In the
areas of self-augmenting systems and problem solving using heuristic search. Chapter III
describes a simple verbal learning system, which builds a discrimination network of
productions. Chapter IV describes an implementation of the classic means-ends problem-
solving system, GPS. Each chapter has an abstract and a detailed table of contents. It is
assumed that the reader has some familiarity with Volume I of this report, which discusses
the goals and conclusions of the thesis as a whole, and which introduces the production
system language in which the systems in this volume are implemented. The chapter$ have
a similar organization, starting with a general description of the task performed by the
system, and proceeding to a description of the system and Its behavior. There are
sections that discuss issues with respect to the task itself and with respect to the use of
production systems.



Chapter III

A Production System Implementation of EPAM

Abstract. EPAM is a simple model of verbal learning that was developed to simulate
certain features of human learning, but it has also turned out to be useful for certain kinds
of discriminations in Al programs. This chapter describes a production system for EPAM,
featuring the automatic addition of productions by the basic system to represent
incremental learning of three-letter nonsense syllables. The design of the network
represented by the added productions is discussed and its growth described. Details of
the EPAM production system raise several issues with respect to general EPAM variations
and with respect to production system issues such as the right set of production-building
primitives. A comparison of the present program to a similar one by Waterman, using a
radically different production system architecture, is carried out, highlighting the
advantages of the present one..,
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EPAM

A. Introduction

This chapter describes a production system (PS)e implementation of Felgenbaum's
EPAM (1963), an glementary iterceiving lnd Memorizing system designed to simulate the
learning of simple nonsense-syllable associations. Each association is a pair of three-letter
syllables, called the stimulus and resoonse. The association is mediated Internally by
memory S. As pairs are learned a discrimination network is built up to recognize
stimuli, producing cues, and to recognize cues, producing responses. The following is an
example of pairs to be learned:

Stimulus Response

PUK RIN
KOF LYS
POM LUB

The way this works experimentally is that the experimenter gives a stimulus syllable and
then a response syllable. On the first pass through the list of pairs, the subject can make
no correct responses, but on later passes, he tries to produce the response immediately
after the stimulus is given. Producing a response is apparently achieved by creating first
a discrimination on the stimulus, to produce an internal memory cue. The memory cue then
leads by association to data sufficient to produce a response. The only feedback the
subject receives is the correct response. Pairs like the ones above have pitfalls designed
Into them. For instance, the syllables "PUK" and "PO4i have initial letters the same, and
there is some chance that a subject will confuse them, since the theory says that a subject
will not remember a complete syllable, but rather will be able to discriminate only on the
basis of something like "P--", P followed by something unknown or indistinct. Thus a
second pass through the syllables will be required, to extend that partial discrimination to
something like "P-K" or "P-M". (Psychological evidence dictates against the variants PU-"
or "PO-7, since apparently the outer positions are more easily made use of.) Similarly,
memory cues that are produced as a result of discriminating stimuli are partial, for
instance "R--" or "L--" for the above task. The "R--" cue will suffice to uniquely
determine a response, since no other response syllable starts with . But the "L--" cue is
ambiguous, and in fact if cues are extended by one letter each time the subject is exposed
to a pair, two more exposures will be required, to extend the cues to "L-B" and then "LUB"
and "LYB".

The approach here encodes the net as a set of Ps, but otherwise follows closely the
original mechanisms of discrimination and learning. This is an initial attempt to explore the
mechanisms needed for a PS to add to itself. The task, however, lacks much of what Is
Interesting about the process of learning, as is indicated by the following attributes: (1)
learning takes place at well-defined times; (2) the Ps on which learning takes place pre of
a rigid format, and are modified in specific fixed ways; (3) the credit-assignment problem is
easy, since the fault may lie in only one of two Ps, the one that discriminates the stimulus,
or the one that discriminates the cue to produce a response.

* PS will be used to abbreviate production system, plural PSs; P, to abbreviate production,
plural Ps.

.-1-1 .A.
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A. Introduction EPAM

Nevertheless, much care was needed In the design of the program, with several
discoveries along the way that required reworking of a large part of the program design.
These discoveries mainly centered on the program's corrective action as a result of wrong
reply. The initial design and an immediate successor failed to take into account all the
possible combinations of correct and incorrect net Ps that played a part in producing the
reply. (This comment may become clearer after details of the program are presented.)
Once the details had been worked out more carefully, the program was easily completed to
a satisfactory form. This illustrates the additional difficulties that can be encountered In
designing a program indirectly, by designing a program that produces the program. Also,
the simple description of EPAM in Feigenbaum (1963) fails to touch on many of the issues
of design that led to the mentioned discoveries.

As background for this description, only the paper by Feigenbaum (1963) is
necessary. There has been no attempt to compare the learning behavior of this program
with any data from human subjects, although in cases where there is slight departure from
the original EPAM design as portrayed in that paper, such a comparison might be useful.
Throughout, EPAM will refer to the present PS version, unless specifically noted.

Section B discusses design alternatives for the representation of discrimination
networks in PSs. Section C explains the workings of the network built by EPAM, avoiding
details of EPAM itself, whose exposition is the subject of Section D. Section E discusses
general issues with respect to both PSs and EPAM-like processes. Section F Is a
comparison to Waterman's EPAM2, which is implemented in a contrasting PS language.
Section G summarizes, and points out problems for further investigation.

111-2
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B Alternatives in the Design of EPAM Not Productlons

EPAM constructs a network of tests that is used to discriminate stimuli in order to
produce the response half of a stimulus-response pair. This network is minimal in a global
sense: it doesn't build up structures that recognize full syllables, as would be feasible in a
computer program. Rather, it tries to base the network on a small amount of information,
usually building up tests a letter at a time. Actually it does slightly more, adding a
negative test for each positive one, regardless of whether some current task demand can
make use of the negative test. The result is that sometimes the program can know that it
doesn't know something, because it is making use of a negative test that hasn't been used
before. The program builds the network gradually, with successive passes over the set of
pairs bringing to light the necessary discriminations.

There are several ways to design the system, varying according to the way the net
is represented:

a. Simply using PSs as one would any other language, with the net
represented as a data structure with an interpreter.

b. Code each test in the net as a P; a net memory cycle would involve
perhaps severil P firings; some means of inter-communication
between the Ps would be necessary.

c. Code each association path through the net as an LHS, with each RHS
representing the information stored at terminals of the net.

For the present implementation, alternative c. was chosen, for the following reasons.
With respect to alternative a. the other two alternatives are better, because the focus of
the study was to explore mechanisms for adding new Ps to an existing set. Alternative c.
was judged to be better than b. because it corresponds to an efficient way to compile
LHSs for matching. Such a net representation would be optimal in preventing duplication
of tests on Working Memory. In a system that compiled Ps in this way, EPAM would result
In a network in form as well as in intent. Hayes-Roth and Mostow (1975) have compiled Ps
for speech understanding into such a network.

An additional design consideration for alternatives b. and c. is how to keep track of
the information encoded in the network Ps, which is necessary when additions are to be
made to the network.

i. Selected information could be made available at all times in Working
Memory.

il. The same information could be distributed to the RHS of each P,
having it available only when the P fires, and erasing it after use (to
simulate fading of short-term memory in humans). This follows the
principle that long-term information is stored as Ps.

Ill. The system could be limited to knowing about a P only Indirectly
through its effects.

The first two alternatives essentially allow Ps to be inspected and their contents modified
(given the appropriate PS operators), while the last might limit action on Ps to simply
adding more Ps; for instance, Ps might be added to modify the effects of an undesirable P
after they had happened, but before they had been converted to irreversible external

111-3 B.
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B. Alternatives In the Design of EPAM Net Productions 9PAM

behavior or internal actions. The present approach is a compromise between the first
two: Information on a P is kept always in Working kmory, but is used only when the
name of a P is available due to a recent firing of that P. The importance of this
consideration was not realized until after EPAM was finished, or a cleaner (pure iI.)
approach would have been used. In any case, the third alternative seems more difficult
and is best left to another time.

111-4
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C. An Example of the Building of Net Productions

This section will go through in detail the building of a simple piece of the network,
emphasizing the network built rather than the building PS process. First, some general
comments are necessary. The network Is used to discriminate two types of Inputs: stimuli
from the outside, and memory cuee stored internally in RHSs of Ps. When a stimulus Is
presented, a cue may be produced, which in turn is fed into the net, to possibly result in
the assertion of an iMag which then becomes a rev. (Internally in this program, an
image and a reply are identical, but other models have used different representations, so
the naming distinction is retained here.) An image may be produced In the first firing, and
a cue in the second, but these are erased appropriately. The stimuli are perceived in
entirety, that is, all three letters of the syllable are available. Each letter is available
separately, associated with a number indicating its position in the syllable. It may be that
not all three letters will be used in a test, however. Cues are partial, being built up only
as is necessary to produce the proper reply image. That is, a cue consists of one to three
letters with associated positional information. Images are complete, leading to an entire
syllable as a reply, although the wrong one may be produced. No internal information on
an image is used - it is a symbol with neither positional structure nor examinable
components. Strings composed of letters are taken to be perceptual-motor primitives,
avoiding most details of modelling translation between modalities of encoding.

A network for a particular set of pairs is leartiad in several passes over the set.
After each pair, the net is guaranteed to be correct for that pair but discriminations made
for it may have obscured, or interfered with, previous discriminations, which were not as
detailed. On the first pass, discriminations on the first letter are made. On the second,
those are refined where necessary by adding tests on a second letter, etc. Within a pass,
tests using the same letter in the same position, but in different syllables, may result In
partially going beyond these bounds, because the discriminations extended at one point
may be extended again on encountering similar ones. That is, discriminations are not made
on a "second pass, second letter" basis, but are made flexibly according to specific task
demands. Since the domain here is restricted to three-letter syllables, at most three
passes are required. In accord with the original EPAM, letters are processed in an order
that is not left-to-right, namely, the first letter, then the third, then the second. This 1-3-
2 order will be referred to as the noticing order of syllable letters.

Each P in the net consists of tests on letters of the stimulus or cue, with a standard-
format RHS consisting of optional cue, optional image, and a "fired" signal. A typical net P
from the detailed example below is:

PH-); "NET" it LETIIVI) 8 RIVM)
SEXISISC1) 8 FIREO('Pl-1) A MliRGE('OUNNO) & LETIMCi) A PMCi)

A CUETR1PLE('PiM-1,CI,'XX,'XX);

This means: "if letter-I is R, then emit cue P and image DUNNO." Note that the LHS test is
in two parts, testing the position of a letter (LETI) and what it is equal to (R). The RHS
has four things representing the cue: EXISTS, which creates a new Internal token; LETI,
which is positional information for the cue letter; P for the letter's value; and CUETRIPLE,

111-5
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C. An Example of the Building of Net Productions EPAM

holding information about the cue that is used in matching it, later in the process. Details
on representation and other aspects are in Section D.

The following is an example of how a set of Ps representing a network will be
displayed in this chapter. This net is the result of learning the three pairs F|B/NUK,
RAM/POR, and PEK/NAM:

(a) b) Cc) Cd) () (M) (9)
Is F R P N else

NUN -00-- WAN , ----

I? I ? I POR I NUN
21

I Nal
31 R

I NAN I NUN

The Ps in the net are represented as columns, with rows representing LHS tests or RHS
actions. The P PM-I above is column (b). The meanings of the columns are as follows:

(a) letter-I F, cue NUM, image DUNNO.
(b) letter-I R, cue P, image DUNNO.
(c) letter-I p, cue NAM, image POR.
(d) letter-i N, letter-2 M, letter-3 A, cue null, image NAM.
(e) letter-I N, letter-2 M, letter-3 not A, cue. null, image NUM.
(f) letter-1 N, letter-2 not M, cue null, image NAM.
(g) letter-i not [F, R, P, N), cue null, image NUI.

The net is represented as a tree, with roots at the top, and with paths from root to leaf
representing Ps. For ease in mechanical formatting, rather than having a parent node
centered above and between its descendants, it is directly above the leftmost one. One
should imagine that each node is connected by a line to all nodes on the next level below
it that don't have anything above them. A negative test (test for absence) is represented
by "else". The "else" is meant to stand for the negative of all the tests that have
preceded it on the same level, except that its scope is bounded by any other "else", if
such occurs. In the RHSs, the "fired" signal is implicit, the cue is marked by "->", and the
image, by "! ". "-" is used in cues to indicate a "don't-know" position. "?" indicates the
"don't know" (DUNNO) image. The LHS tests use noticing order, that is 1, 2, and 3 (as
marked by the tree-level labels on the extreme left) stand for tests on letters 1, 3, and 2.
A space in a test implicitly means that the test is the same as the test in the first non-
empty column to the left of the space. Notice that the order of the first three columns
corresponds to the order of the three stimulus syllables.

To illustrate how a net is built up, we go through a sequence in which the following
three pairs are partially learned: FIB/NUM, RAM/POR, and PEK/NAM (the same ones as
used in the example net above). The net diagram following a pair is the state of the net
after the pair has been processed.

FI f NUfW

Is F else
.>N-- .>---

I ? I NUN

C. 111-6



EPAM An Example of the Buuiding of Net Productions C.

The net is initialized (by a special P that recognizes the lack of net behavior) to minimally
recognize the pair. Note that the second-column P serves two functions, balancing the F
test (i.e., catching stimuli that miss the F test), and minimally recognizing "N" and emitting
NUM as an Image. All tests are balanced by such "else" Ps as the net grows.

*Is F also

I? I Nun

On the first try for this pair, the absence of cue is noticed in response to the R of RAM4 so
that the cue P-- is added to the second P and the pair is fed into the net again.

inlernal ROMlP

Is F R P else

I ? I ? I POR I NUM

This was actually accomplished in two steps: first, it was noticed that POR and NUM are
incompatible (the same incomplete cue can't apply to both), so that more discrimination of
the stimulus was necessary, resulting in adding the "R" Pi second, a P was added to
discriminate the P-- cue. The detection and use of response-image (POR and NUM4)
incompatibility differs from the original EPAM. The original stored enough of the stimulus
as an "image" at a node to detect immediately, on presentation of a new stimulus, that
more discrimination on the stimulus was necessary. That is, it stored the exact equivalent
of the piece of the correct stimulus that should have been tested in reaching the node.
The present implementation has accomplished the s',me action without that stimulus Image
storage, and assumes instead that the two respon~es are available in full for comparison,
along with the degree of completion of the cue. It thus uses less long-term memory for
exact syllables, and uses instead the comparison of a "recent ly-he ard" syllable with a
"recent ly-spoke n" one. This is the major significant difference between this
Implementation and the original.

A second feature of the action represented above is somewhat obscured by that
representation, namely, the retention of the ! NUM image in the "else" P. As a P is added,
a previous P is actually split, and some information from the old P is retained in parts of
the two new Ps. The old image is always retained in the "else" P, but the old cue
information may go either way, according to whether the new test being added (in the
present case, "P") is the same as the cue or not. (Recall that a single P may store both
cue and image image - in the case at hand, the cue is irrelevant to the pair being focussed
on.) The way the old image goes during the split may result in errors later in case the
newly-added test is still not enough to distinguish the two responses. Having it go to the
wrong place in a few rare cases was judged better than discarding it completely, in terms
of speed of learning (this may be a difference between EPAM and the original EPAM). In
any case the presence of the wrong reply will not interfere with future learning, but will-
just be an extra copy of that image in the net. This will be illustrated in connection with

* the third pair.
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C. An Example of the Building of Net Productions EPAM

PEK/ WA
1 F R P N else

I? I ? POR I NA I NUll

Here again, two steps are involved in the processing. First, the "P"-test P had no cue
previously, so the cue was added to be appropriate to the response. Then the stimulus
was presented (internally) and the wrong reply (NUM) led to the splitting of the "else" P,
with the result shown. The image on the "else" P is now wrong, as anticipated above, and
the pair FIB/NUM has thus been "forgotten". It would not have been forgotten if it had
been, say, FIB/JUM.

The end of the list of p ofrs to be learned has been reached, so we start over with
the first pair.

FIB/UH (program genhrats reply NAN)

Is F R P N else
83>N-Il u>P-- =>N-- t.>---

I? I? I POR I NUN

21 It else

I NUn I NAI

Note that now the cue for the F P has been extended, and that the tests for the N Ps
include tests on the second letters. When it was discovered that the reply was wrong, It
was also noted that the response and the reply were compatible as far as the cue could
distinguish, so that the only action necessary was on the reply-producing part of the net
(as opposed to the stimulus-recognizing part), namely, on the producer of the cue and the
producer of the reply. The extension of the cue forced the extension of the tests to
include the r.t. ond letter, M, of the response (recall that the noticing order Is 1-3-2). Note
further that we now have two incorrect reply images, the original NUM, and the incorrect
NAM. NAM is incorrect only because it has two letters in common with NUM. Another pass
will be required to extend the "P"-test P cue and make the further discrimination in the
Image producer. Since that is fairly straightforward, we will omit it here, but include it In
the detailed trace in Appendix C, which the reader may be able to understand after
studying Section D. The end result is the net given at the beginning of this section.

111-8
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D. Details of EPAM

This section gives details on the operation of EPAM First we present an abstract
version of the PS and discuss some features in more detail. Then we give the meanings of
the predicates that constitute the Ps. When specific Ps are referred to, the reader may
find them in Appendix A, the program listing. A cross-reference of predicates Is given in
Appendix B. The reader may also study the detailed trace of EPAM on the three-pair test
(Section C), in Appendix C. There is a summary of that trace showing the type of P firing
(according to the first letter of the P's name), at the end of Appendix C. After each pass
over the three pairs, the net Ps are displayed; the final net Ps are included in the cross-
reference in Appendix B.

EPAM has been tried on four different lists of pairs. Summaries of its behavior
appear near the end of Appendix C, for the three-pair test, and in Appendix D. The latter
appendix contains three tests: a seven-pair list to be discussed in Section F, a nine-pair
list, and a six-pair list that actually represents a list of six syllables - each one appears as
both a stimulus and a response.

0.1. How the Program works

An abstract representation of the EPAM PS is given in the form of abstract Ps (APs)
in Figure D.I. The following paragraphs describ. EPAM in a general way, referring to
specific APs in that figure. Syntax conventions for APs are given in Chapter IV, where the
syntax is somewhat more elaborate than the simple APs here. For the present, the
following description of APs should suffice. An AP is abstract in the sense that it
represents several actual Ps and uses descriptive elements rather than exact predicates
and variables. Underlining is used where there is a particularly large step in terms of
actual Ps. Non-underlined elements correspond almost exactly to actual conjuncts in the
actual Ps. There are about half as many APs in the figure as there are Ps in EPAM (16 as
opposed to 41).

The normal operation of EPAM is a simple cycle that processes a stimulus-response
pair. It starts by taking in a stimulus, allows the net to recognize that stimulus (which
always occurs except when there is no net, at the very beginning), erases superfluous
items from that net firing, and allows the net to fire on any cue information that the
previous net P has asserted. If anything fires using the cue, an image is produced, which
becomes the program's reply. The reply is matched to the response typed by the user,
and if it is correct, EPAM is ready for the next cycle.

The basic part of that stimulus-response cycle is represented by APs Fb-Fc. AP Fa
is the initialization done when there is no net. The matching of response to reply (AP. Ro-
Rd) can have four results, of which three are errors (Rb-Rd) requiring further action. The
action is in three conceptual pieces: diagnosis, patching, and sometimes repeating the
stimulus-response pair internally to ensure that everything is now all right.

Diagnosing an error can have three outcomes. If EPAM's reply was DUNNO ("don't-

111-9 DI



W. Details of EPAM EPAM

2 Executive; 3 Ps, Fl-F3; erasures mentioned are 5 Ps, El-E5 %
Fa: no-net -D- Ereeat-Ljirnai & add-prod(type Pa) & add-prod(type Pb);

Pa: specific -letteor-I -of -stim -> cue(letter -1 -of -resp) & null-image;
Pb: not specific-letter-I-of -stim -> null-cue & null-image;

Plb: cue-prod-fired -> erase-st
Fc: image-prod-fired -> eras-cue & cue-from-image-prod & reply;

2 Test reply; 4 Ps, RI-R4 %
Re: response & LrIl-match -~reply(ok);

Rb: response & reply-dlunno -~simple-Ditch-of -imaffte-of-reDIy-Drod
Rc: response &i Epy-wrona ->test -compat -of -reolv-and-resoonse-relatlve-to-cue:
Rd: response & not reply -> add-to-cue & re-stim;

7. Diagnose dif ficulties; 11 Ps, R5-RlOA 7.
Re: response -and-reply-and-cue -compatible

..- > extend(reply prod) & possibly-add-to-cue(cue prod);
RI: not response -and -reply-and -cue -compatible

-extend(cue prod) & extend-stim & re-stim;
Rg: re-stim -> Lt~eat-stim &i teoeat-MiM

2 Change cue; 3 Ps, C I-C3 %.
Ca: add-to-cue -> patch-uo-cue-in-rhsz

%. Examine LHS to prepare for split; 5 Ps, C4-C8 %
Cb: extend & lhs-term(neg or pos) & number -of -letters -tested-in-Ihi - split-prep;

% Preparation for split; 8 Ps, S3-S7
Sa: split-prep &i not extend-stim & match -corresoondina-let ters(stlm,resp)

-> split-prod(two ways of ordering pos and neg cues);
Sb: split-prep & extend-stim & matc h(response -let ter,beginning-of -cue)

-~split-prod(two ways, may use old cue or not for neg part);

7. Split; 2 Ps, SlI-S2 2
Sc: split-prod(neg)

-)split -with -oos-Dart -et tiflf-new-imate -and-nez-oart -gettin-old.'
Sdl: split-prod(pos)

-> add-to-cue & split -with -different -lhss -but -otherwise -like -orecedlngf-A

Figure D.1 Abstract productions for EPAM

know"), there is simply a modification to the faulty RHS of the image-producing P (AP Rb).
If there was no reply at all, only one thing can be immediately at fault: the cue produced
on recognizing the 'stimulus was inadequate, not long enough (AP Rd This Is fixed by
making the cue longer, as described below. An example of how this happens is after the
second presentation of FIB/NUM in the three-pair test discussed in Section C (see t last
net displayed in that section). The P that recognizes FIB has an adequate cue, N-M, but
the other P that aims at a response syllable starling with N (thes POR-tost P) has cue N--,
which Is not long enough to fire any P in the net.

0.1 11-10



EPAM Details of EPAM 0.1

The third outcome of an error diagnosis (AP Rc) is to initiate a match of the cue, the
reply (image), and the correct response, to see if the cue is at fault or whether more
discrimination has to be made on the cue by the image producer. Two results of this
match indicate two conditions: stimulus generalization and response generalization.
Stimulus aeneralization is detected by incompatibility of the cue, reply, and response (AP
Rf). Two stimuli have been "generalized", seen by the net as the same. For instance, it
NUM were the reply and POR the response, no cue could be right for both, indicating that
there was not enough discrimination of the stimulus. The length of the cue is taken into
account, for instance, to determine that N-M is compatible with both NAM and NU.
Response generalization means that a cue is no longer sufficiently detailed to distinguish
two similar responses, which are now seen as one (AP Re). For instance, in the three-pair
test in Section C, after the first pass over the pairs, there are two N-- cues, both
"pointing" at a P whose image is NAM; one wants to result in NUM, though. The patch is to
lengthen the cue and eventually force lengthening of the LHSs of the Image-producing Ps.
In the case of NAM and NUM, lengthening of the cue N-- has to be done twice, which
requires another pass over the set of pairs, to be realized.

There are two major kinds of patching that can be done, as sketched in the
preceding description of error diagnosis. First, a cue may be extended. This is done (AP
Ca) by simply making the appropriate RHS emit a cue that is longer by one letter than the
previous one. This lengthening uses letters from the correct response. Second, a cue P
or an image P is split by lengthening its LHS in two different ways. One half of the split
has a positive test on a letter, and the other is the balancing, "else" type of test (APs Cb,
Sm-Sd). This splitting will be described in more detail below.

After the diagnosis and patching have been completed, in cases where a cue Is
extended or an LHS is changed, the stimulus and response are repeated internally. The
patches are really intended only to partially fix up any problem, and the best way to
complete the job is to retry the pair, as opposed to examining the net Ps more closely to
statically determine if everything is all right. The patches first remedy things having to do
with the stimulus half of the pair, then treat the image-producing half through the
repetition of the pair. The repetition (re-stimulation) is achieved in a way corresponding
to AP Rg, but several Ps are used, to keep the sequencing under control. One P fires to
reproduce the original stimulus, and another fires later to reproduce the response. Signals
for each are represented in the interim by predicates whose names start with "OLD", by
convention. This internal re-stimulation was not used in the original EPAM as far as I can
tell.

We now dt .,cuss in detail the information that is kept in Working Memory on each net
P, and how it is used. All information is in four predicates: LHSPREL, LHSTERM, RHSIMAGE,
and RHSCUE. These split the LHS and RHS each into two segments. The two for LHSs
divide them in such a way that all real changes are made to LHSTERM, while LHSPREL is
just the accumulation of tests from LHSTERM that are known not to require further
changes. RHSIMAGE keeps the image part of the RHS, while RHSCUE keeps the cue.

The following examples clarify the mechanics of splitting LHSs. First, consider
splitting

Pig LETl(VI) & NOT Ir(VJ ,: FIREOCIP) &6... i
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Suppose we want to make a further test on the first letter, to see If It Is an Ml Then the
result would be:

PI; LETI(VI) & M(VI) e3 FIREOCPI) 4...;
P2; LETI(V1) & NOT F(VI) & NOT M(V1) o, FIRE0('P2) &

PI is referred to as the positive half of the split, P2, as the neiative half. For the original
PI, LHSPREL is ((LETI VI)], LHSTERM is [((NOT (F Vi))) NEG 11 After the split, we have
for P1 that LHSPREL is the same, while LHSTERM has become [(M VI) POS 1] at the same
time, P2 also has the old LHSPREL, but LHSTERM is (((NOT (F VI)) (NOT (M VI))) NEG 1].

If we were to further split PI, adding a test for T in the third position, we would
have:

P1i LETI(VI) • M(VI) & LET3(V3) & T(V3) -3 FIRED(PI) &...
P3 LETI(VI) & M(V) & LET3(V3) & NOT T(V3) -) FIREO(P3) i...;

At this noint, LHSPREL for PI and P3 is (((LETI VI) (M VI) (LET3 V3)) and LHSTERM is
C((T V3) POS 2] and [((NOT (T V3))) NEG 2], respectively.

This example doesn't touch on the details of how RHS information migrates during
such splits, so we briefly discuss that now. Recall that some care has been taken to
correctly place old information rather than simply discarding it. The old information has
little to do with the immediate error situation, but tests are necessary to determine how It
might Interact with new discriminations.

In all splits, the image from the old P always goes to the negative half of the split,
and the current reply is the image for the positive half.

In splitting a P that recognizes a stimulus (AP Sb, Ps $6-$7), the cue is always a
minimal cue for the known response, and the only question is whether to put the old cue
from the P's RHS on the other half of the split, or to leave that cue empty. If the old cue
Is similar (same first letter) to the new cue then it is discarded and an empty cue is placed.
On the other hand, if the old cue is different, then it is likely to be correct to put it on the
negative half of the split - that P will perhaps respond to the old stimulus (betause the
LHS has been extended) and will then emit a cue to the matching reply.

In splitting a P that discriminates a cue to produce an image for a reply (AP Sa, Ps
S3-S5A), it is necessary to compare the stimulus and response, to determine whether the
same P (the positive half of the split) will serve for producing both cue and reply. For
this, it is only necessary to test the letter of the two that corresponds to the letter
position at which the LHS is being split, if the letters match, the old cue goes to the
positive half of the split, but if not (as is usually the case), the old cue goes to the
negative half. The other half of the split (negative or positive, respectively) always gets
an empty cue.
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D.2. Meaninits of EPAM Predicates

Before presenting the full details of the predicates, we summarize the Important
representational conventions. The predicates LHSPREL, LHSTERM, RNSCUE, and RHSIMAGE
are used to store information about not Ps. ADDPROD, REPPROD, and REPRHS are used to
modify the P.

Stimuli and responses are typed in by the user in the form (STIM xxx) and (RESP
yyy). These are converted into suitable Working Memory instances by PSMacros, Lisp
functions that are used to expedite operations that would be very awkward otherwise
(there is further discussion in Section E.1). STIM is converted into LETn's (n - 1,2,3) end
specific letters, plus STIMCI.I and STIMWORD instances. For instance, the list of Instances
for a syllable with third letter J might Include (LET3 13-1) and (J 13-1). Here "J" has
become a predicate meaning "equal to J", and "L3-1" is some arbitrary token that stands
for an object with predicates LET3 and J1 true of it. The representation splits apart the
position and letter values of a token because they are sometimes not both present In
Working Memory and sometimes tested separately. If Psnlst had somewhat more
expressive power in its match (using constants is somewhat awkward), a more concise
representation would be used. RESP is converted more simply, to an instance of
RESPONSE, described below. A third PSMacro, CUE, expands a cue into letter
representations like those of STIM, plus an instance of CUETRIPLE, described below. More
complete examples of PSMacro expansions are given at the beginning of the program
listing in Appendix A.

ADOPRO(prodkprec,comnt,lha~rha) add a P (prod) with comment comni, LHS lie, 1145 rho, and preceding P proc (if
proc is not a P. as is the case in Ft., prod is taken to be the first P ef module
prec)i a Ponlat primitive that asserts predicate AOOPROOP(prod).

ADOTOCUE(p,l1,12,13) add to the cue of P p, according to the letters 11,12, and 130
COMPATNEGNx) result of comptibility test was negative.
COMPATPOSWx result of compatibility test woo positive.

COMPATPOSA(pl,w 1.1 1l,1.3,p2) dae to be used af ter the COMPATTEST is answered positively (part ef this
information is used for negative aswers also); p I is t reply P, p2 is the cue
P, wI is the inmage that might be used (from the response), and 11, 12, and 13 are
the letters of the response.

COMPATTCST(l1,t2ci) tost a letter of the rospon^ 11, against a letter of the reply, 12., eIcopt coete~l
doesn't matter if cl is 'XX

CUEPROO(p) p is the P that fired giving the cue.
CIJCTRIPLE(p,11,12,13) P p has cue triple 11, 12, end 13; the re are 'xx if the cue is Incomplete in t1het

position.
EXTENOI.S(p~imiII.t2.la) extend the LI4S end RHS of P p, according to known properties of the P, wsefg

letters 11, 12, and 13.
EXTENDSTIM(p) signal that P p is being extended s a stimuluso P, requhing slightly different

treatmient from extension otherwise.
FJAED(p) P p has fired.
IMAGE(,) Iis the reply imags stored with a P that fired.

LASTNEW(p) p is the last new P add
LEln(m) n as 1. 2, or 1; the 1et, 2r4 or 3rd letter of a stimulus or cue is represented by

the token x.
LIISPREL(p,prel) P p has *Prelude* prel; for network Pa, the prelude Is the pert of the LHS that in

presently not subject to change.
LH9T[QhIp~otermIsn) P p hot terminol* term. for network Pe, the terminel is the finet test of the 1.118;

0 Al letter eardere in predietoo ame the natural 1-2-3 order, not the 1-3-2 noticing order.
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sign indicates whether it in poiive(POS) or megtlve~ficl be, Indtes tthe
length of the LIIS (1, 2, or 3).

Ot.DCUETRIPLEUl1,12,13) 11. 12, and 13 gre Paris of an old CUETRIPLE; this is don te avowd **"fuel"n
between two cuetriples asertled by Iwo net-P firings.

OL.OXSTIM(x) indctols that the stimulus P e @Woody been extended fet the etimulue-
response pair.

Ot.DRESP110,II,12,13) this is used to save RESPONSE whil re-cyclingf threugh the netait man
prevents spurious firings of R4.

POSSAOOUE(p.lIt2,13) lives information which may be used to add toea cue, In the case of entendingl a
LHS with a positive terminal test; ise. that extension requires extendieig the cue
so the extensioft will be used. it is not necessary for negative toneril of 1149.

REPLY(x) gives the reply of the system (displayed externally).
REPLYPROD(p) P p produced the image that became the reply.

REPPROO(p,comklhs~rho) replace a Pi similar to ADOPROD, asserts REPPRODP(p).
REPRHS(prod,rha) replace the RIIS of P prod by rho; asserts REPRI4SP(pred).

RESPON9E(r,ll,12,t3) the response word, r, plus the three letters in it (comes in from enternal
interaction).

RESTIMWx signal that stimulus-response pair ie to be fed through te net S&L% for furthif
diagnosis.

RESTIMI4OtDWx hols the RESTIM signal until appropriate. mainly, to prevent R5 from firing
prematurely as a result of the STIMREM inserted in 3149 of R4 (I.. there is a
conflict between R5 and El, £2, etc. which I. is here resolved by using the PRtS
order assumption).

RHSCUE(p,c) c is the cue of the RNS of P p.
RHSIMAGE(p,i) i is t.e reply image for P p.

SPLITPREP(prod,testpre,ssttoenimsize) perfoarm teats in preparation to split P prod; the three middle argumenta
are explained ot SPLITPAODM the size gives the number of letters being tested In
P prods ILHS.

SPLiTPROD(pro4teatprlfteattrnimicuepo,cuneg) P prod is to be split; if teatterm is NEG. it Is to be split
negatively, which mrans, the test of a letter given in testprel is to be added to a
negative test for one part of the split, and as a positive test in the other; in
either case, no change is made to the LHSPREL of the P. if teattermn is not NEG,
It is to modify IIISTERM, while testprel modifies LHSPREL. ii is the image to be
put in the positive part of the split; the last two arguments give pieces of cues
to be attached to the respective Parts of the split.

STIMCHKQll,12,13? gives the tokens for the lot ters of the stimulus, for use in erasing them preperly
af ter thoir use in the net.

STJMREM(11,12,13,type) stimulus tokens are to be @esed; type gives an indication of where the request
originated, since stimulus tokens are re-inserted for RESTIM.

STIMREMREM(m) causes all old STIMREM's to be cleaned up, because in case of RESTIM, don't
want things nulliied so soon as they're inserted from rat Pa firing for teir
second time.

STIMWORD0f1,12,13) gives the the #voffeters of the stimulus word
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E. Some Issues Raised by EPAM

E.I.. Production systems issues

PS control:

For the most part, control in EPAM is simply by evocation according to Psnlst's
event order. Several of the P groups (especially those represented by a single AP, Figure
D.) represent a selection, where a single P from the group fires to perform the selection
appropriate to the case at hand. The compatibility-test Ps (R6-R9E, the RHS of AP Rc) are
a set from which several may fire in a situation, with results independent of firing order,
to perform a test on all three letter positions of several syllables. The results of the
arbitrarily-ordered firings are polled by R6 and R9, amounting to answers "all tests
positive" or "at least one test negative". The erasure Ps (EI-E5) similarly perform in
scattered order. In a couple of places, data is renamed by storing it under a different
predicate (i.e., the "OLD" predicates and RESTIMHOLO), so that it doesn't interfere, but can
be re-asserted at some later appropriate point (i.e., by Ps F3, R4, RIO, RIOA, or R5A).

Use of PSMacros:

STIM and RESP are PSMacros, that is, they are expanded to a list of predicates to
be used by Psnlst (see the beginning of Section D.2). This procedure is justified by
thinking of them as perceptual processes, dealing with input on the character level, and
thus more easily handled and more appropriately modelled in Lisp than in Psnlst. In any
case they could be done away with at the cost of requiring either more Ps (which would
still have to invoke primitive Lisp functions) or more typing for the user. The use of a
macro (CUE) for constructing parts of RHSs of net Ps is not so easily justified, but this
started out as a programming convenience, and remains as such, even though it could be
coded as Ps without the use of primitive Lisp functions. This extra requirement on the PS
would add more complexity to FI, SI, and S2, for instance necessitating adding several
new predicates for the bookkeeping aspects. It has seemed reasonable to suppress that
level of detail, retaining more emphasis on !he central issues.

The operators used in building Ps:

There are several operators that Psnlst doesn't have, that would be useful for the
kind of building of Ps that EPAM does:

a. update an RHS conjunct;
b. extend an RHS with more conjuncts;
c. extend an LHS with more conjuncts;
d. split 3n LHS, extending it in two different ways to become two

different Ps.

The information that is kept on Ps to allow them to be updated is: information on
specific conjuncts of the RHS; information on a subset of conjuncts of the RHS; and "head"
versus "tail" in the LHS, where the "tail" may be replaced in a splitting operation. EPAM
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also keeps Information on the names of variables in the LHS, but this could be dispensed
with by naming variables according to positions in stimulus or response words, which

would ensure uniqueness.

Using the above new operators on RH4S conjuncts, C1-C3, R2, SI, and S2 would
become simpler. Using the LHS-splitting and LHS-extending operators, SI and S2 would
become somewhat simpler but the processing done by them would have to be rearranged
so that the split is done at the start of the process, with succeeding steps simply
extending the LHSs of the results of the split; this is in place of the current process which
collects the contents of the split and then does it. Note that P F1 still requires the adding
of full Ps as done with current Psnlst operators.

Working Memory information on net Ps:

As we have discussed above (Section B and at the end of Section D.1), EPAM keeps
and uses a variety of Working Memory information on Ps. One issue with respect to this Is
that, following human PS models, we would want to store all such longer-term information
as Ps rather than in the Working Memory. Given the simple nature of the information used
(at no time is a P broken down and examined in an arbitrary way), and given that it is used
only as transient information (only when the relevant P has recently fired, where "recent"
is within two cycles of the net Ps), objections to EPAM on these grounds can be easily
corrected by storing with each P, in its RHS, the information on it. (There might also be
defined a set of primitives that allow a program to fetch parts of Ps on demand, rather
than having to use special storage.)

A second issue is that no matter where the information is stored and when it is
used, it might be inappropriate to have such information, and furthermore it might be
wrong to hold that existing Ps can be modified at all. The psychological basis for this Is
the assertion that Ps are never deleted from human long-term memory (we lose access
because of ill-formed or too-specific LHSs) and thus are difficult to modify as in our EPAM
model. Further, since we have no idea how Ps are represented internally in humans,
perhaps information about what is encoded could not be available in as usable a form as in
our model. A compromise might be that existing Ps could be modified by extending LHSs
and RHSs but not by such drastic actions as replacing existing condition or action elements.
At the moment, it seems that operating under these constraints makes EPAM much more
difficult to model, but it remains a question for further research.

E.2. EPAM issues

This implementation aims at minimizing the number of Ps and the number of tests
made on a letter position. This results in using the "else" Ps instead of having every test
made as a comparison to a definite letter. Changing this convention might remove some of
the stimulus and response generalization behavior, and interacts with the following.

A lack of a reply to a stimulus indicates that a cue needs to be extended. This
results from the way a partial cue is represented. Only as many "LET" predicates are
included as there are definite letters emitted. If this were changed, i.e., emitting LET
without a definite corresponding letter predicate, some other means would have to be
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developed to test for the need for an extension of a cue, because "else" Ps would always
catch them. That woutl include some comparison between the cue triple and the contents
of the LHS of the P that fired (as it is, no such test is ever done; only fails of LHSs are
examined in detail, ant; only when being extended). Also, the change would introduce the
possibility of conflicts botween the net Ps, making more than one true at one time. Note
that this alternative suggestion involves using specific knowledge of the length of a
syllable, to allow dummy tests to be included. This may or may not be justified, especially
given that a more general task involves syllables of varying lengths. The most important
point here is the trade-off between storing partial cues and examining LHSs in more detail.
Storing partial cues results in behavioral cues that circumvent the need to do more
complex tests.

When Ps are being split, some degree of guessing goes on, in that information from
the P being split is carried over to one or the other of the new ones, with no guarantee
that the result is correct. The result is wrong only in the case that further discrimination
is needed anyway, a fairly rare case, and a wrong guess does not have serious
consequences for the net at some later time. Not retaining as much as possible in this
situation gives the appearance of stupidity to the program's responses, more so than
seems reasonable. But as discussed at the end of Section D.1, carrying over these
guesses involves specific testing that may appear implausible, or at least not plausibly
learned under ordinary conditions.
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F. A Comparison to Waterman's EPAM2

This section compares EPAM to another PS implementation of EPAM, the EPAM2 PS
of Waterman (1974). This provides an excellent opportunity to contrast the different
programs that result when somewhat different architectural assumptions are followed in a
PS design. EPAM2 is written in the PAS-1l PS, which uses a linearly-ordered PS and a
Working Memory also linearly ordered, a sharp contrast to Psnlst's exclusive use of event
(memory recency) order for Working Memory and unordered PS. These assumptions have
an affect on complexity of LI-ISs, on complexity of added Ps, and on the number of Ps in
the entire system. But as we shall see in the following, major differences are due to
specific EPAM design considerations that are only indirectly related to PS architectural
features.

EPAM2 represents learned associations in a way similar to EPAM, namely as a list of
Ps containing primarily tests on letters and actions such as emitting memory cues and
reply images. The order of the list of Ps is significant, however, in determining that some
Ps are tested before others, and thereby can prevent the others' firing. More recently
added Ps are placed above older ones, enabling a new P to correct errors made by older
ones ptd to make necessary additional discriminations by havitig more specific tests (but
not necessarily logically exclusive tests) than the older ones. The net has Ps of two
distinct types, one for discriminating stimuli to produce cues and the other for
discriminating cues to produce replies. The two nets are not kept distinct either by RHS
form or by location within the list of net Ps, so that a confusion phenomenon can result
where a cue is taken as a stimulus, and vice versa.

Ps are extended .n a way very dependent on the order of elements within Working
Memory. There is a special P action that marks which elements were used to match the
LHS of the P when it fires (called variously MARK, USED, and OLD). This allows a P to be
constructed as an extension of a P that just fired by using the same elements as it did,
plus a new element picked from things in Working Memory that were not used. These
unused elements (in particular, letters of syllables) are in a particular order (the EPAM
noticing order) so that the one at the front of the Working Memory list is quite
appropriately selected and used.

The action that adds a P to the list of Ps, PROD, has a couple of distinctive traits. It
works by picking up from Working Memory all elements with the tags COND and ACTION,
forming them into a P, and placing it in the P list. The placement is according to a pattern
argument to PROD, such that a new P can be placed just before another P having that
pattern. For instance, if a new P is intended to mask out (take precedence over) a P that
performed a particular undesired action (a wrong reply), it can be done by using that
wrong reply as the PROD pattern.

EPAM2 builds a net in which all tests are specific and positive, contrasting with
EPAM's use of negative tests, which can turn out to match a set of letters. Rather than
adding, in advance, extra Ps to balance newly-added ones, as EPAM does with its P-
splitting operation, EPAM2 has a default P that sits at the end of the list of net Ps, with a
condition general enough to match all cases where none of the net Ps succeeds. Also,
EPAM2 stores a complete copy of a stimulus in the RHS of a stimulus-testing P, which can
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be used to determine if the P has actually matched the stimulus that it was intended to.
This is somewhat more than the original EPAM stored, violating the EPAM principle of
storage of minimal and partial information, and it avoids the compatibility-testing approach
necessary in the present EPAM to determine whether to modify the stimulus P or the cue
P in case of error. (The test in EPAM is a special case of the more general problem of
matching two objects that appear similar on the basis of the minimal cues stored in the
discrimination network. In the general case, it is even less desirable to store in the RHS of
a P a complete image of the stimulus. This will be illustrated in Chapter IV of this thesis.)

The result of these design features is a PS that is more concise than EPAM, both in
number of Ps and in length of listing: half the number of Ps (20 vs. 41) and about a
seventh the number of lines (but EPAM2 has no comments). As we shall see below, EPAM2
doesn't have some of the functional units that EPAM does, and EPAIs tests tend to be
more intricate, making individual Ps more complex, because the net being built is more
intricately designed. A listing of EPAM2 is given in Appendix E, but it is not expected that
the reader will'be able to follow its details without reference to Waterman's description
(1974).

EPA2 S71M REPLY I REPLY 2 REPLY 3 RESP EPAR REPLY I REPLY 2 REPLY 3
PAX 7 CON CON CON -- ?(NGi CON
EK ? IMRD(9G) LUG LUG -- -.(IC) LUG

CIT CON(SR) DER DER DER -- DER DER
BUK LUG(SG) MAR MAD "RD LUQ(SG) LUG(SG) lARB
UAL ? LUG (RG) LEO LEO -- PEO(SG) LEO
RED ? MADB(RG) MOL MOL LEQ S) MOL MOL
NOJ LUG PAX (SR) PEG PED LEO(SG) PEO PEG

(SG RG)

Keys Sc a stimulus generalization error; RG v respons generallization error; SR s stimulus-
response confuslon; IC w Insufficient cue; NG a net growth lost Information 7 - program

sae *?" or "don't know"; -- a program makes no reply.

Figure F.A A comparison of behaviors on a seven-pair test

Figure F.A compares the behavior of the two PSs on a set of seven pairs taken from
Waterman's paper. There are three essential differences between them. First, EPAM
seems slightly slower in learning some of the pairs. This is due to its less specific "else"
tests - these negative catch-all tests are slower to converge to the right specific-letter
tests, and when they do change, cue information is discarded. Second, EPAM has no
response generalization behavior on this set of pairs (although it did on the example in
Section C). In the place where it had insufficient cue (IC in the table), it would have
exhibited response generalization - the net had grown beyond the initial cue for the pair.
Third, EPAM has no stimulus-response confusion because the PS distinguishes the kind of
action it takes according to where in the pair-presentation cycle it is - it knows when it's
appropriate to use a memory cue and when to use a reply image. This is made necessary
by the use of a single net P format, since the same kind of P fires at both points in the
cycle.
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Figure F.2 Networks produced by the two programs

Figure F.2 gives the networks produced by the two programs for the seven-pair
test in Figure F.L. The notation for the EPAM2 net is slightly different. Where an "else"
occurs, it means a lack of a test on that syllable position rather than an explicit negative
test as for EPAM. Note that this "else" test is achieved simply by placing the more specific
P before the "else" one in the ordered P list. I have added syllables in O's to indicate the
extra stimulus image information stored in EPAM2's net. The order of the columns in
EPAM's net corresponds to the order of the stimulus syllables, then the response syllables
(the latter are not quite in a corresponding sequence because of double use of some Ps as
stimulus Ps). The order of the columns in EPAM2's net, however, are given in an order
close to that in which order that they appear in the constructed PS - this order is
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significant to the interpretation of the PS, and it also indicates the order in which the Ps
were added, with the more recent additions to the left. In listing the net, I have deleted
eight redundant Ps from EPAM2's net - they are redundant because the PS interpreter
would never look at them, since identicaI-LHS Ps exist in the order before them (the
identical Ps have different RHSs though). There are three EPAM Ps that are useless, but
they are included (they are all "else" Ps). Thus in terms of number of useful Ps, EPAM2
builds 14, EPAM builds 12; EPAM2 builds 21 Ps in all, EPAM, 15.

In one place, the EPAM2 net is shallower than the corresponding portion of the
EPAM net, because the discrimination in question is done in EPAM2 (accidentally, it seems)
by length of cue as opposed to contents. That is, because of the history of the pair
learning, a one-letter cue, L--, evokes LUQ and a two-letter cue, L-Q, evokes LEQ; in EPAM,
a full three-letter cue is required to distinguish the two (and in the original EPAIvI, to the
best of my information). In another place, the EPAM2 net is deeper than the EPAM one
(the tests on C in the 1 position), because EPAM2 requires two Ps to test for cue versus
stimulus, where EPAM uses a single P.

A major behavior deficiency results from the EPAM2 net representation: it cannot
learn lists such as PAX/CON, CON/LUQ, LUQ/PAX (the fact that this is circular is not a
critical factor - the second PAX could be END with similar effect). By my hand simulation
of the program, it would oscillate forever, trying to treat each syllable first as a cue P
then as a reply P, always blocking out its previous usage by putting a new P before it.
EPAM can learn such lists, as is evident in the summary included in Appendix D. There are
apparently some advantages to the EPAM2 representation, though. Old Ps always
preserve old behavior, in case conditions fall through more recent (and supposedly
correct) ones - though this can never happen in EPAM2, by careful design. EPAM2 doesn't
concern itself with the cue completeness discussed above in Section E.2. Also, the
transfer of guesses is not necessary in EPAM2, while it is deemed so in EPAM (EPAM
would learn more slowly without it). This is a result of EPAM2's carryover of information
as a result of falling through the ordered list of newer Ps.

Figure F.3 tabulates the differences between EPAM and EPAM2 by grouping Ps by
program function. EPAM2 Ps are simply numbered from 1 to 20. The number of Ps in
each group is given in square brackets. The largest difference in that table is in the code
to build and extend Ps: EPAM2 uses 9 Ps versus EPAKs 18 (combining the five lines in the
table before the last one); 8 of EPAM's Ps are used in splitting existing net Ps, whereas
the corresponding EPAM2 mechanism is having two distinct nets and using the fact that
newly-added Ps mask old Ps, which mechanism uses no Ps in the EPAM2 code. That 8 Ps
versus none is the largest single difference between the two PSs. Storing the full stimulus
syllable as a TEST in net Ps saves EPAM2 6 Ps over the explicit comparison done in EPAM
(I P versus 7). EPAs' re-stimulation mechanism uses 4 Ps, corresponding to nothing in
EPAM2. The other differences in numbers of Ps between the two (five other classes)
amount to a total of 3 Ps difference, with the values of the differences between -2 and 2.

The largest difference in number of Ps between EPAM and EPAM2 is thus indirectly
related to the use of an ordered-PS architecture. (Though it is largest, it is the
combination of several groups of Ps in the figure, and it doesn't constitute a majority of
the differences.) It is indirect because the component affected most is the network being
built, not the basic EPAM PS itself - that is, there is a clear distinction in cost P tween
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EPAM A Comparison to Waterman's EPAM2 F.

Functional units: EPAM2 EPAM

Input and distinguish STIM and RESP 1 2 3 6 9 10 (6] F2 F3 E1-E5 (7]
Initialize net FI [1]
Match REPLY and RESP 4 5 [2] RI-R4 (4]
SR Confusion 7 8 [2]
Test compatibility of STIM and CUE 11 [1] R6-R9E (7]
Set up to build reply P 12-14 (3] $3-S7 C4-C8 (8+5]
Set up to build cue P 16-18 [3] "

Build reply P 15 [1] SI-S2 (2]
Build cue P 20 [1]
Extend cue p 19 [1] C1-C3 [3]
RESTIM mechanism - R5 R5A RIO RIOA (4]
Total Ps [20] [41]

Figure F.3 A comparison by functional units

adding new Ps to an ordered list and gradually modifying existing Ps. Order is considered
contrary to psychological evidence that recognition (matching a P condition) is a parallel
action, not a search through a list of Ps. EPAM2's most serious defects as a model of
EPAM are in the use of a dual network, which prevents it from learning lists; in the storage
of the full stimulus image, avoiding a more complex comparison to assign credit for a
mistake but violating EPAM's partial-storage principle; and in creating many redundant Ps
instead of making incremental additions to the sensitivity of existing Ps. But EPAM2 has
the more interesting behavior on the particular 7 pairs exhibited. EPAM's design position
with respect to the negative-test "else" Ps is probably to blame for peculiarities of
behavior. It decreases specificity of tests and thereby the likelihood of retaining
information leading to response generalization. The use of splitting operations on existing
Ps makes EPAM's design more intricate. (EPAM2"s design is intricate in another way,
though, since dependencies on PS order and on Working Memory order are implicit.) Since
it decides definitely what to do with the various components of the Ps being split, it takes
a more rigid position, and this is more likely to show up as peculiarities in behavior.

111-23



EPAM

G. Conclusions

G61. Summary of conclusions

The EPAM PS demonstrates the feasibility of using a PS to build a PS In response to
the demands of a simple verbal learning task. Ps are added to a set of Ps representing a
network, and Ps in that set are also modified by operations amounting to splitting and
extending LHSs. Local, use is made of knowledge of subcomponents of the Ps being
modified. PSs are quite suitable for modelling EPAM discrimination networks. The
particular EPAM design has focussed on minimizing the use of P storage and maximizing
the use of structures already built. A comparison to a similar program makes it clear that
there is a tradeoff between using knowledge about existing Ps and using an ordering on a
list of Ps, although ordering is considered on independent grounds to be unsatisfactory.

G.2. Further research

There are several primary difficulties that require consideration beyond the present
scope. In order to be plausible, an EPAM PS should be simple enough to be learned from
some simpler basic knowledge. The present one is judged to be too complicated for that,
but a careful analysis needs to be done to confirm it. Perhaps an attempt to do EPAM
without modifying or using knowledge about existing network Ps should be carried out.
This must go beyond Waterman's use of an ordering on the PS. Or perhaps the aim should
be a more automatic and less awkward use and modification, along the lines presented
here. That is, the splitting and extending might be made an automatic feature of the
architecture, carried out when a new P fragment is presented to the PS. EPAM is in a
sense rather fragile - if there is an error in an input pair, it may not be able to recover
when given the correct version again, due to non-retractable and non-correctable
modifications made to Ps. EPAM has significant promise as an effective way of minimally
representing complicated objects or situations, but to become that, the basic process must
be much more general..

The following secondary difficulties pertain to the more narrow field of nonsense-
syllable learning. In assuming three-letter syllables too strongly, EPAM became committed
to very specific processing, whereas, it is now evident, a more general approach would
actually simplify the representations and the PS. There is no provision in EPAM as it is for
using a wider context to disambiguate multiple occurrences of a syllable in the same role
within a list. Design issues with respect to specificity of tests, cue completeness, and
preserving older information have been raised in the preceding sections. Finally, this
effort has not aimed at reproducing behavior of humans as was the original EPAM.
Adjustments for specific behavioral pect' arties, speed of learning (number of P firings),
recency effects, and list-length effects could be considered, and seem to be readily
attainable i6 PSs.

* Chapter IV presents some progress towards that goal.
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Chapter IV

GPSR

A Production System Implementation of GPS

Abstract. This chapter describes a production system implementation of the General
Problem Solver (GPS), a well-known Al program. The new program, called GPSR, consists
of over 200 productions and is organized along the lines of the original. The impact of
using production systems on representation and control is discussed. Tasks given to GPSR
are expressed largely as productions. Consideration of the representation of task
knowledge and of the process of encoding the knowledge constituting GPSR's problem-
solving executive brings out characteristics of production systems as a language. The
behavior of GPSR compares favorably to that of GPS, and it is contended that GPSR would
be an appropriate vehicle for further research, with respect to both production systems
and problem solving.
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GPSR

A. Introduction

This chapter describes a production system (PS) implementation of GPS, the ieneral
Droblem solver of Newell, Shaw, Simon, and Ernst. Of the many versions of GPS reported
by various combinations of these four authors, we have chosen the version described in
Ernst and Newell (1969). The present version, GPSR (GPS revisited), is implemented in
Psnlst, for the purpose of exploring the use of PSs as an Al language. However, many
issues of Interest to pure GPS research have arisen in the course of this project, and they
will be treated in the appropriate places in the discussion.

GPS was chosen to test the use of PSs because it represents the broad class of At
programs that solve problems using the heuristic search method. GPS is the most serious
effort to achieve generality of approach; the Ernst and Newell (1969) version
demonstrated this by solving simple problems in widely separated task domains, including
simple symbolic puzzles, resolution theorem-proving, integral calculus problems, parsing
strings from a phrase-structured language, and letter series extrapolation. Because of this
generality, interesting representational problems are certain to be met. GPS's problem-
solving executive, which coordinates the application of problem-solving mothods to achieve
goals, is probably one of the most complex of the programs in the heuristic search class.
Thus, Important features of control and representation in PSs will be brought out by this
study. Furthermore, GPS has been used as a vehicle-for studying human problem solving
(Newell and Simon, 1972), so that its implementation as a PS may provide psychological
insight and support for PSs as a model of the human control structure. Finally, heuristic
search and particular features of GPS have been used recently as a basis for several At
languages (Planner, QA4, Conniver, Popler), so that it will be useful to view GPS as a
language or programming system, or at least to consider the ways in which GPS might
adapt itself to particular tasks, a more dynamic (automatic programming) process with
active participation of the language system in the problem solving process.

GPS went through a lengthy evolution, as described in Ernst and Newell (1969); that
work includes a complete bibliography. The version that GPSR mimics was more general
than previous versions in its internal representation and in the flexibility of its problem-
solving methods, but some advantages were lost as it evolved. For instance, some of the
special features for matching and manipulating arithmetic expressions were abandoned
(temporarily). GPSR has made only minor attempts to innovate, due to its comparison-
oriented purpose, but it is hoped that the version of GPS that it encodes is suitable for
further GPS work. Some support for that hope will be given below.

GPSR* solves problems in a way significantly better than trial-and-error search: it
uses what is called means-ends analysis to focus attention on essential aspects of
problems, with the result that its behavior has some semblance of intelligence. A problem
Is stated as finding a way to transform an i state to some desired state (or set of
states) by manipulations defined by problem operators given along with the problem

0 I will use "GPSR" in the following introductory descriptions, with the understanding that
"GPS" could be used just as correctly; any differences between the two will be made
explicit.
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statement. WMans-ends analysis uses a matchint process to determine how the present
problem state is different from the desired state; it subdivides the task of reducing the
differences between the two states into reducing the hardest ones and then working on
the wasier ones that remain after the hard ones are eliminated. To accomplish this, it must
be clear what the means are for obtaining specific ends (reducing specific differences).
These means-ends connections are supplied to GPSR, along with hints as to which
differences are likely to be hardest to reduce, and it remains for GPSR to carry out the
bulk of the manipulations in solving the problem.

An example of a problem for which this approach is suitable is the Tower of Hanoi
problem, a puzzle consisting of three fixed pegs and a set of disks of varying sizes that fit
on the pegs, where the problem is to move the disks according to a restrictive set of rules
from one peg to another. The rules prohibit: moving more than one disk at a time, placing
a disk on top of a smaller disk, and moving any but the topmost disk on a peg. This Is
diagrammed (for the four-disk case) in Figure A.I.

Disks Pegs 1 2 31 - I II
2 -- I I I
3 --- I I4 . .I I I

Initial state Desired state
- I I I I -
-- I I I I --

-- I I I I ---
I i I I

Figure A.1 The Tower of Hanoi puzzle

The statement of the problem for GPSR consists of: a description of the initial and desired
state; the statement that the problem is to trensform the initial state to the desired state
using the MOVE:DISK operator; the description of that operator, including the restrictive
rules given above; and the extra information that it is harder to move disk 4 than it is to
move disk 3, disk 3 is harder than 2, and 2 harder than 1.

GPSR starts by formulating the problem as a goal to transform the initial state to
the desired state. It proceeds by matching the initial state to the desired state, noting
that disk 4 is the hardest difference to be reduced, and dividing the initial problem into
two subgoals, the first being to move disk 4 from peg I to peg 3, the second being to
move the rest of the disks. When the first subgoaf is attempted, however, it is discovered
that disk 4 cannot be moved until disks 1, 2, and 3 are somewhere other than peg 1; so it
further subdivides the problem, establishing a subgoal to move disks 1, 2, and 3 to some
other peg. We can see that this subgoal is similar to, but easier than, the original,
involving fewer disks to be moved. GPSR in fact attacks it in a similar manner, saving the
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previous problems it encountered until this sub-problem is solved. It is evident that In
stating the problem as described above, a good deal of the work has been left to GPSR; it
is this kind of work that is considered to be the primary component of problem-solving in
the GPS framework.

This chapter presents GPSR at several levels of detail. Section B gives an overview
of the pieces of GPSR and how they fit together. It then contrasts GPSR and GPS at an
abstract description level, and surveys how PSs affected the design of GPSR. Section C
goes into considerably more detail: it contains an example of the program working,
describes the sets of productions (Ps) in the program, and gives meanings for the
predicates, the primitive components of the Ps. Section D gives a justification for the
tasks chosen as tests for GPSR, and then discusses the behavior of GPSR on the Monkey
and Bananas task, on the Tower of Hanoi task, and on the Missionaries and Cannibals task.
Section E discusses PS-related features of GPSR, and gives the conclusions on PSs to be
drawn from its implementation. Section F gives features of GPS that were elucidated by
the experiments. It discusses features of GPS that are useful for other problem-solving
programs, and outlines limitations of GPS and difficulties with extant descriptions of GPS.
Section G points out topics for further research, from both the GPS and PS standpoints.
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L An Abstract Description of GPSR

ELI. An overview of GPSR's components

Ernst and Nowell (1969, page 8) presented the simplified prototype of a problem
solver in Figure 5L.

External Representation

V

I Translator I

V

I Internal
I Representation I

Problem-
I SolvingI

I Techniques I

V
Solution

Figure B.1 Prototype problem solver

For our purposes, it is useful to translate this schematic diagram Into the PS-Ilks
representation in Figure 6.2.

P1P1: external Problem & not represent -> represent & translate & solve;
PP2: external Problem &r represent -> external representation of !ask:
1PP3: translate & external representation gj task -> internal representation g! 121h;
PP4: solve & internal representation 2_f task & applicable technigues -> solution

Figure 5.2 VAPs for the prototype problem solver

P/-5 ELI



1.1 An Abstract Description of GPSR OPSR

There are several points to be noted in this figure. The arrows In PP2, PP3, and
PP4 correspond loosely to the three arrows in the block diagram. PPI represents the
assumed step of recognizing the existence of a problem and deciding to proceed according
to the stereotyped sequence "represent & translate & solve". PP2s arrow represents the
"Representor", PP3's arrow, the "Translator", and PP4's arrow, the "Solver". The control
flow represented by the arrows, then, strictly speaking has been mapped to the explicit
control signals, "represent", "translate", and "solve". There is assumed in the interpreter
of these rules a mechanism for ordering events, so that the "represent" signal is attended
to before the "translate", and so on. But it is also the case in this example that the event
order is not important (in later rule sets it will be). What is important is that each rule
responds to an emerging .tituation in the presence of a control signal (which in general
becomes necessary when global goals establish different modes of response to similar
emerging data).

The entities of Figure B.2 will be called very abstract Ps (VAPs). A VAP consists of
a condition and an action, but the components of these are abstract, of two types. The
first type is close to what it would be in an ordinary P, namely, it is a type for specific
signals; this type is not underlined. Entities of the second type represent considerable
abstraction and compression, super-conditions and super-actions, as it were; these are
underlined. A super-condition may require many condition elements to represent it, it may
span many cases, requiring in actuality many Ps to represent it, and it may require many P
firings to develop it dynamically. Likewise, a super-action may represent many action
elements, and it may require many Ps to effect it. For example, in PP1, "external problem"
represents the full collection of external objects and attributes that make up a problem
situation; "not represent" means the absence of the "represent" signal; and three signals
*represent", "translate", and "solve" are asserted. PP2 expresses the process of
representing the external problem, and is a considerable abbreviation.

In the remainder of this section, VAPs are used to represent very concisely a broad
outline of the processing done by GPSR. VAPs will indicate the interactions of GPSR's
components and their gross behavior rather than giving their internal details. In Section C,
abstract Ps (APs) are used to elaborate internal details of the components. Syntactically
VAPs and APs are quite similar, but APs are definitely closer to the actual Ps. In APs the
number of rules and their structuring into related sets is much closer to the actual Ps than
for VAPs. The signals used in APs correspond very closely to actual program predicates,
whereas components of VAPs are rather loose expressions of content. The APs generally
correspond to VAPs in that super-conditions and super-actions in VAPs are expanded into
APs and into component signals. A similar further elaboration occurs between APs and
actual Ps.

Before continuing, there are several features of the syntactic and meaning
conventions of VAPs and APs that are worth noting. (The reader may want to skim this
and refer back to it when necessary.) VAPs have names with two capital letters followed
by a number, e.g. PP3, EXi. APs have names that correspond to groups of Ps in GPSR,
that is, a capital letter followed by a number, with a lower-case letter suffix. For Instance,
FOb Is the bth AP in a set corresponding to the W'th group of F Ps, the ones with numbers
less than 10. Occasionally, one AP spans a full set, so that it is tagged using '"s", e.g. T's;
this is also used in the text to refer to a set of APs, e.g. M20's. "%." is used as a comment
character. Arguments to elements are sometimes given, in parentheses, as an unsystematic
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clarification to the meaning. In general, only assertion of signals and super-actions is
shown; the reader is expected to be able to follow the flow sufficiently well to know that
entities are deleted appropriately to avoid looping, needless repetition, and conflicts. The
implicit ordering of RHS assertions in the event-based :SMPX of Psnlst will also serve
occasionally to control the flow. A common form of element is a selection from a set,
which is denoted either by using a superlative adjective in a super-condition, by
"arbitrary" in a super-condition, or by "select" in a super-action. An RHS of a VAP may
use "OR" to indicate that one of a set of alternative action sequences is done,
dependending on conditions that are not stated explicitly in the LHS. That is, it is an
abbreviation for writing several VAPs, with a further elaboration of the LHS for each of
the RHS disjuncts. If an LHS of a VAP contains "OR', it is understood to be an abbreviation
for writing each disjunct as a separate LHS with the common RHS. Finally, "'s" is used to
imply that a set (conjunction) of elements is used in the LHS match or to imply that a set is
asserted by the RHS; e.g., "location-link's" for "location-link & location-link & location-link".

All of GPSR is represented by the fourth VAP in Figure 8.2. GPS contained a
version of the third VAP, but the external representation was in that case already the
result of human translation. As illustrations of systems comprising all four VAPs, take the
robotics problem solvers, or systems that take natural language input; in both areas
present levels of achievement are rudimentary.

% Problem-Solving Executive; corresponds to 24 Ps .
EX1: focus-on-particular-goal & goal-subgoal-network & goal-status

-> select-method OR shift-focus-to-another-goal OR propagate-success
OR I2ropag.ate-failure

7. Method-Selection; 5 P.7
MS 1: select-method & gFol-attributes - specific-goal-method;

% Method Execution; 188 Ps %
MS2: specific-goal-method & &oal-,ottributes & internal-r r-of-task

- success OR failure OR new-subgoals-and-status;

where specific-goal-method a (transform-method, reduce-method, moveop-method),
goal-status s (success, failure, evaluate-new).

Figure B.3 VAPs for the essence of GPSR

Figure B.3 gives some VAPs for the overall operation of GPSR. The main control in
GPSR lies in an executive whose function is to use present status and past history, stated
in terms of goals, to determine what to do to drive the problem-solving process towards a
solution. The executive has at its disposal a set of methods for attaining goals, and it uses
a tree structure that interrelates goals and their results to decide how to proceed, both in
the selection of methods to work on new goals and in deciding how to use the results
achieved by the methods. The methods in turn are composed of control decisions and a
set of processes used -otentially by more than one method; they work with the internal
task representation and with information connected to particular goals.

IV-7 8.1

_ _M_
-0- -- - - - . . - .--.. "



8.1 An Abstract Description of GPSR GPSR

Executive
Inter-relationships of goals (EXI)
Canonization of goals (EXI)
Methods (EXI, MSI)

Internal representation of task (MS2)
Attributes of goals (MS2)
Processes (MS2)

Object comparison and difference (TM2, MDI)
Canonize loc-progs to name differences (TM3)

Operator application and difference (TAI, TA2)
Find locations in objects [QA's, l's]
Apply transformations [QA's, T's]

Operations: for GPSR: ADD:LINK, REM:LINK,
INCR:LINK, DECR:LINK, COPY:LINK;

for GPS: COPY, DECREASE, INCREASE,
MOVE, MOVE-FUNCTION, REMOVE.

Apply tests [QA's]
Relations: for GPSR: encoded directly in Q Ps;

for GPS: FOR-ALL, PARTICULAR, CONSTRAINED-MEMBER,
DEFINED, EQUALS, EXCLUSIVE-MEMBER,
GREATER-THAN, IN-THE-SET, LESS-THAN,
TRUE, and negations of all of the
preceding except the first two.

Canonize loc-progs for operator differences [F's]
Canonize objects resulting from operators [F's]

Desirability and feasibility selection (RMI)
Connect differences and operators [M30's]

Apply loc-prog to TABLE:CONN
Connect variables,1differences, and transformations [M30's]
Canonize desired assignments [M30"s]

Evaluate differences (TM3)
Apply loc-prog to DIFF.ORDER
Discriminate on the value of the difference [D's]

key: entities in O's are VAPs, given in figures in Section B;
in [rs, APs, given in figures in Section C.

Figure B.4 The components of GPSR

The full structure of GPSR can be described in terms of a set of processes and
representations. Figure B.4 shows by outline format the containment and organizational
association of these elements. The executive uses three main GPSR elements: information
on goals, the goal canonization process, and the methods. The methods use processes that
are described in terms of entities from the task environment established by the external
representation of the problem. For instance, there are processes to compare objects
(representing problem states) and to find differences between them; there are processes
that apply the given operators to objects (problem states) to produce now ones; and so
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on. Most of the elements of the prucesses are relatively low-level functions, but are
stated in non-GPSR-specific terms. The references to "apply loc-prog" are the only
exceptions, because they are implementation-dependent. Details on the processes will be
brought out in the discussion in succeeding sections of this chapter.

The portion of GPSR that gives it its distinctive character is neither the executive
nor the specific symbolic processes, but its collection of problem-solving methods. GPSR's
repertoire of methods is smaller than that of GPS (GPSR can do fewer tasks), but the
general flavor is maintained. GPSR has three methods and two submethods: the Transform
method, the Reduce method, the Move-Operator method, the Try-Apply submethod, and the
Match-Diff submethode. VAPs for these are given in Figure B.5; those VAPs axpand MS2
in Figure B.3. The Transform method has as its function to transform an actual object into
a desired object. If the two objects are not the same to begin with, it must use the
Match-Diff submethod to find differences between the two objects, it must decide which
difference is the most difficult, and then it must set up subgoals to reduce that difference
in the actual object and to transform the result of that reduction into the desired object.
The Reduce method connects the difference to be reduced with a set of operators that
might reduce it; it then evokes the Try-Apply submethod to try to apply a member of the
set. The Move-QOperator method has as its objective to apply a move operator (perhaps
only partially specified) to an object. It may be that an operator difference (a difference
that blocks the operator's application) has already been determined by the parent goal, in
which case a sequence of subgoals is set up, one to reduce that difference and one to
apply the operator to the result of the reduction. On the other hand, if no operator
difference has been determined, the Try-Apply submethod is evoked to test the operator's
applicability. The Try-Aply submethod is given a set of move operators, with variable
assignments specified, and an object; it is to determine whether any of the operators can
be applied to the object, and if not, to determine the features of the ,bject that block the
application. In general, each application failure produces a set of diffetences; of these, the
hardest is saved and the others discarded. Then the result of Try-Apply is to select from
these hardest differences the easiest, since that is most likely to succeed, and to carry on
with it, sprouting the appropriate subgoals. Finally, the Match-Diff submethod has the
function of comparing two structured objects, generating a set of all the differences found
at corrsponding places in the two objects. How objects are reoresented will be discussed
below, and at that time it will become clearer how Match-Diff works and how Its results
are expressed.

The kinds of goal relationships that these methods give rise to are presented in
Figure B.6. Vertical or diagonal lines are subgoal-supergoal relationships, while horizontal
ones indicate the antecedent-goal relationthip. The notation "may succeed directly"
indicates that the subordinate structures may not be necessary, depending on local
favorable conditions.

A variety of data structures are required for GPSR. Objects which represent
complete problem states, are represented as trees, with a top node linked to subordinate
nodes by named (task-dependent) relations, and with values at terminal nodes. A path

e GPSR does not have any equivalent of the Form-Operator, Form-Operator-to-Set, Set-
Operator, Two-Input-Operator, and Select-Best-Members methods; the remaining GPS
methods are incorporated into the executive, as discussed in the next subsection.
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%Transform method; 14 actual Ps
TMI: transform-method & ob ects-have-same-name -> succeed;
TM2: transform-method & not obiect-have-same-name -> match-cliff & check-metch-result;
TM: check-match-result & hardest-diffr-between-ob ects

- create-subloal -to-reduce-diffr & transform-that-result;

% Reduce method; 20 Ps %
RML: reduce-method & dif fr-to-be-reduced & or-to-reduce-diffr's

& internal-reor-of:-or's
-> try-apply-opr & or-with-desired-and-feasible-assiinments's;

7. Move-operator method; 6 Ps %.
MOI: moveop-method & opr-diffr-given

-c freate -subgoal -to-reduce-dif fr & apply-opr-to-that-result;
M02: moveop-method & not opr-diffr-given -> try-apply-opr;

% Try-Apply submethod; 19 Ps %
TAl: try-apply-opt & opt-immediate-applicable -> succeed;
TA2: try-apply-opr & submethod-of-reduce-method & easiest-hardest-o.r-diffr

-> cre ate-subpoal -to -ap_2-o~p-r-giyen-t a -Off
TA3: try-apply-opr & submethod-of-moveop-method & easieg-hardest-o.r-diffr

-> create-sub-oato-reduce-that-o2r-iffr & apply-opr-to-that-result;

% Match-Diff submethod; I I Ps %
MDI: match-diff & objects-to-be-matched -> Oiffr-between-obiects's;

diffr @ difference; opr n operator; repr a representation;
inputs from executive: transform-method, reduce-method, moveop-method;
outputs to executive: succeed (fail not shown), transform-that-result,

apply-opr-to-t hat-result;

Figure B.5 VAPs for GPSR's methods

from the top node to a terminal is given by a list of the links along the path; this link path
is called a loc-orog. Differences are expressed by giving a loc-prog plus two contrasting
values, one of which is the actual value in an object and the second of which is the desired
value, or the corresponding value in the matched object. For instance, in the Tower of
Hanoi object, the hardest difference detected in matching the initial object and the desired
object (Figure A.) is that at location (PEG3 DISK4) there is nothing, UNDEF, where the
desired value is YES; in other words, the largest disk is not on the third peg which Is its
desired location.

Goals in GPSR are names with sets of associated properties. All goals have: an
actual object; a supergoal, from which the goal was derived; a marker giving the goal type
(transform, reduce, or apply); and a numerical difficulty value (defined later). In addition, a
transform goal has a desired object, and it may have an antecedent goal (see Figure 6.6).
A reduce goal has a difference to be reduced, in addition to the common properties. An
l2& goal has an operator to be applied and a desired assignment for that operator's
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tra form (may succeed directly) reduce
I try-apply (may succeed directly)

Match-Dit apply

reduce ransform opr ditfr fr m
try-app t

reduce aply (no apr dlttr)

(may suced directly
reduce- ei~ply (no opr diffr)

opr diftr a operator difference.

Figure 8.6 The varieties of goal-subgoal structure

variables; it may have an antecedent goal, and it may be given an operator difference to
be reduced. A desired assianment is a partial or full assignment, a set of simple
associations of values with move-operator variables.

GPSR canonizes three types of data structures: objects, loc-progs, and desired
assignments. The canonization process is necessary to facilitate the recognition of
repeated goals; a goal with the same attributes as some previous goal (except supergoal
and antecedent-goal properties) is abandoned to avoid loops in the search. Goals
themselves are not canonized because of their uniform task-independent representation,
but are recognized, if repeated, by a special-purpose set of Ps. The three entities that
are canonized are dissimilar, but the Ps to achieve the canonization can all be described
by the VAPs in Figure 6.7.

% Canonization; loc-progs, 6 Ps, objects, 34 Ps, desired assignments, 9 Ps %
CAI: file-entity -> test-entity-net & check-net-test-result;
CA2: check-net-test -result & entity-present -> old-tntft
CA3: check-net-test-result & not entity-present -> add-new-2.J .-Lg_-n-h

entity net %
ENI: test-entity-net & entity-matching -> entity-present;

Figure 8.7 VAPs for canonization processes

The entities are stored in a recolnition network inspired by EPAM (Feigenbaum, 1963).
That is, a network is constructed to recognize occurrences of known objects. The
recognition may be exact, or partial, based on a proper subset of features of an object; in
the latter case, further matching must be done on the candidates proposed by the
network.

We have now discussed the top four levels in the outline of GPSR components In
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Figure 5.4, tying them together by specifying an abstract model of GPSR. The detail of the
lower levels will be discussed in Section C. The main differences between GPSR and GPS
can be dealt with at the abstract model level, which we now proceed to do.

5.2. A comparison of GPSR and GPS

The major difference between the methods of GPSR and those of GPS is in the way
the TrX-Ap2lt submethod works. GPSR tries all of the ways of applying an operator, as
given by the possible feasible assignments, and then selects the easiest way to proceed;
that is, it finds all of the possible operator differences before proceeding. The exception
to this is in case an operator applies to an object, with no difference produced, In which
case the goal that Try-Apply is working on succeeds. In the analogous situation, GPS tried
to apply an operator until an operator difference of tolerable difficulty was found, and
proceeded to work on that without searching for other, possibly easier, differences (see
Ernst and Newell, 1969, p. 111). In principle, the GPS approach is more conservative,
since there is no guarantee that an undesirable number of assignments might not have to
be tried, to find all of the operator differences. In practice, this limitation is inoperative;
the largest number of feasible assignments generated by GPSR tasks at one time was five.
The reason for this difference is probably the accidental historical development of GPS.
The construction of GPSR took advantage of the hindsight provided by the implementors of
GPS; the modification seemed to be reasonable and an interesting one to try. Furthermore,
as It Is currently implemented, it would be easy to convert GPSR to the more conservative
strategy. In fact, there seems to be little difference attributable to this decision, at the
external behavior level (the tasks given to GPS and GPSR do not exercise this capability -
there is no room for serious mistakes or gains within those simple tasks).

Several differences between GPS and GPSR deal with the problem-solvinf executive
The executive in GPSR incorporates four bodies of expertise that were described as
methods in GPS: the Try-Old-Goals method, the Antecedent-Goal method, the Expanded-
Transform method, and the Transform-Set method. These all deal with selecting goals for
further effort, and thus are intimately connected with the executive. In fact, all but the
Antecedent-Goal method are separable, comprising a total of about six Ps; there is no
reason why they should be tied into the method-selection process instead of being evoked
directly by other executive Ps. The Antecedent-Goal method deals with the selection of
an antecedent of a goal in case of failure; this is so closely related to selecting the super-
goal of a goal under the same circumstances (a function of the executive in GPS) that the
decision to merge it into the executive is justified. The only alternative would be to
remove all goal-selecting expertise from the executive, collecting it into methods; this in
fact is the logical extension of the principles that GPS seems to embody In part in the
construction of its methods.

GPSR has nothing corresponding to the method language of GPS. That language was
interpreted by the executive; the methods expressed in the language communicated with
the executive by means of specific signals; and in some cases the executive could nest
invocations of various method-language routines in a recursive way, suspending one to
descend into another, and then returning to the original routine, to continue to its next
step. There is one place in GPSR where that form of sequencing of steps of a method is
found to be necessary: in sequencing the creation of antecedent-succedent goal pairs, for
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Instance a reduce goal followed by an apply goal using the result of the reduce. In GPSR,
this was simply implemented as a data signal indicating the course of action on the success
of the antecedent goal. If the antecedent failed, that signal would not be used, and the
executive would have no need to pop itself out of a level of method code. (I am imposing
an interpretation on how GPS's executive worked that may not correspond to actual
implementation details; it is based on figure 12 in Ernst and Newell, pp. 44-45.)
Regardless of the mechanics of its interpretation, the method language did give GPS a
useful descriptive character. GPSR's methods are expressed directly as Ps; the level at
which the programming is done is similar to that of GPS's method language, although at
many points the Ps must be concerned with more of the details of the data structures
involved. In fact, the VAPs used above to describe GPSR's methods correspond more
favorably to the method language. We have noted above the numbers of Ps corresponding
to the VAPs given; we will see below how the VAPs and Ps actually correspond (Section
C).

GPSR assiins difficulties to goals differently from GPS, and its propagation of
difficulties to related goals is slightly different. Difficulties are used to ensure that
progress is maintained: proceeding from a goal to one that is more difficult is not allowed
(although the rejected goal may be selected later as part of the Try-Old-Goals method, but
then only if no easier goals are available). Difficulties originate from goals that .ive
differences associated with them, and are propagated to some of the goals adjoining them
in the goal-subgoal network. The numerical scheme used in GPSR to evaluate differences
(see the end of Section C.2) is not the same as in GPS, based on behavioral differences:
GPSR sometimes rejects goals as too difficult (see Section D.5) where GPS doesn't. Ernst
and Newell do not describe their exact difference-evaluation formula. With respect to
propagation of difficulties from goals with differences, GPSR and GPS propagate them from
subgoals to supergoals, but GPSR also propagates from antecedent goals to their
consequents. This difference combines with the difference in difficulty evaluation to
produce behavioral differences.

Obiects are represented differently in GPSR. As described above, objects are
simply trees; the links between nodes in the trees are totally task-dependent; they are
also uniform. GPS, on the other hand, distinguished between known links, used by the
system over all tasks, and task-dependent ones. It also referred to some subtrees as local
description lists. These distinctions no doubt arose from the internal representations used:
Psnlst is limited to, at best, imitating a description list by a set of associations; the uniform
tree representation chosen is a good way to do this. The known links used by GPS were
"first", "second", etc. These were strictly ordered for GPS, whereas GPSR's trees have no
such order. Order is not necessary in GPSR, since all objects for tasks given to GPSR are
fixed in format, so that corresponding links are always found in two objects, and there are
no alternatives. The transition to more general objects would require more care in the
matching process to place the right branches of trees in correspofidence (to be discussed
in more detail in Section G).

The canonization of the various data structures is more varied and specialized In
GPSR than in GPS. It is impractical to use a single type of data structure to represent the
various entities that need to be recognized (goals, objects, desired assignments, and Ic-
progs) because Psnlst's single-level representation and limited match indirection prohibit
the effective use of a representation with the requisite structure and generality. The
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representation doesn't allow nested structure, but instead gets structure indirectly by
naming a node in a structure and attaching other single-level attributes to it, including
further structural pointers. A Psnlst version of an arbitrary description list can be made
up, but then the Ps that use such structures would have to pay a cost for the Indirection
in the representation. Instead, each data structure type is specialized, with structural
links and conventions to suit the exact traits of the structure (see the following subsection
and Section C). Thus there are three kinds of recognition nets built by GPSR: one for loc-
progs, one for objects, and one for desired assignments. Goals must also be recognized,
but these are even more of a special case: since their structures are fixed, pre-coded Ps
can be used to compare a new goal to others of the same type (transform, reduce, or
apply). The other three data structures for which canonization is necessary are task-
dependent with variable structure, so that pre-coded Ps are unsuitable.

The final major difference between GPSR and GPS is in the external representation
of tasks. Without going into detail here (see Section D), we can say that the external
language used by GPS has been bypassed: operators and other active elements of a task
representation are encoded directly as Ps, and other information pertaining to the problem
to be solved and its structures and operators is expressed directly as Working Memory
items. There are two reasons for this: the representation chosen for GPSR is
approximately of the same conciseness (in terms of space on the page) as for GPS, due to
Ps' inherent high-level character; GPS's language itself was rather artificial and not close
to what would be a natural language expression of the tasks. So, rather than deal in two
artificial languages of approximately similar level, the. direct P notation was adopted. We
will discuss further below (Section D.6, Section E.4, and Section G) the Interesting
topics of how the external problem gets mapped onto the task Ps, and how this relates to
natural language translation.

8.3. Production system representations in GPSR

The use of PSs has an impact on a variety of representational issues in GPSR. This
subsection emphasizes and brings together the aspects of representation that are
necessarily fragmented elsewhere due to different organization. At the same time the
presentation here is abstract, so that if the reader needs more detail, he must piece it
together after reading later sections. The principle that has guided the use of PSs is not
so much the application of PSs in a uniform way, but rather the use of the language
facilities in an expedient, concise, and efficient way. First, we consider networks of
decisions, which includes method selection, canonization, connecting differences with
operators, and evaluating differences. Second, we look at the representation of the
operation of accessing something in an object. Third, we see that PSs provide an
interesting approach to implementing the GPS match. Fourth, we consider goal and control
contexts. Finally, we discuss selection and generation.

Networks of decisions (discrimination nets) appear in several places in GPSR, and
their implementation varies to suit particular processing demands. The method selection
processe, which is a fixed part of GPSR, is encoded as a set of Ps, the result of each of
which is a signal to evoke a particular method. As was sketched in Figure 8.3, these Ps

0 cf. Ernst and Newell, 1969, p. 47
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use whatever goal attributes are necessary to make the selection unique. Each conjunct in
the condition of a P represents, as it were, an additional node in a treel Ps whose
conditions have a nontrivial intersection can be thought of as sharing a common path for
some tests and then branching to their respective terminals.

The canonization of objects, desired assignments, and loc-progs is achieved by
constructing Ps whose conditions include the specific constants that compose the entities
to be recognized. These Ps are constructed by GPSR as the solution process proceeds,
because they contain task-dependent information (constants tested by conditions) and
because their size (number of conditions) is dependent on corresponding (variable)
properties of task entities. The canonization of goals, on the other hand, does not need to
be by program-constructed Ps because goals have fixed, task-independent properties and
because data on goals is kept in Working Memory. A goal-recognition P compares a new
goal to all other goats, progressively narrowing down the set of possibly identical goals as
each conjunct of the condition applies its restriction. Thus a goal-recognition P, by using
variables where the other program-constructed nets use constants, represents a set of Ps,
and can be thought of as a net schema. that is, as a prototype or template for a set of Ps
composing a net.

The representation of the table of connections between differences and the
operators that might reduce them, and of the ordering of differences according to
expected difficulty of their reduction, are similar in GPSR. They are represented as
objects, TABLE:CONN and DIF'FORDER, and their content is extracted by applying loc-progs
to them. This representation is schematic in the same sense as the goal-recognition Ps
are: each object could equivalently be expressed as a set of Ps, with LHSs that test
attributes of differences. Notationally, the object (schematic) representation is more easily
specified in the external representation of tasks, although it would be straightforward to
convert such objects to sets of Ps. Convenience has dictated maintaining the present
status until task contingencies force generalization to TABLE:CONN's and DIF:ORDER's that
are not so concisely expressable. It is also apparent from this that objects representing
problem states could also be generalized to sets of Ps whose properties would become
evident through evokation or activation rather than by being passively examined.

The reason why the present solution for the TABLE:CONN and DIFF.ORDER
representation is acceptable is that the application of a loc-prog to an object is achieved
with a single P. The use of single Ps to access and test Kale in objects is common to
loc-prog application, operator application, and operator difference. When a loc-prog is
canonized, a P is constructed whose firing will apply the loc-prog to an object to get a
terminal value. This P includes the constants and conditions necessary to follow the link-
path from the top node of the object to a terminal node. Operator application and
operator difference (specified externally for each task) are also single Ps that include the
necessary conjuncts to find terminal values within objects; this capability is used to apply
tests from operator pre-conditions, operator post-conditions, and operation-applicability
conditions.

The match in GPSR (Match-Diff submethod) is not able to take advantage of the
powerful PS match because the PS match is not able (at the present stage of development)
to extract differences. Instead the approach taken is similar to a recursive approach: for a
node, match up all links to subordinate nodes, and then apply the match to those. There
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are a variety of conditions to be tested that are expressed as separate Ps. The Penist
implementation of this match doesn't have the rigidity of a LISP recursive match, in that
things are not tried in any particular order. Another important factor is that of Psnlst's
match finding all possible matches to a P; this means that if several nodes in an object
have similar characteristics, the match of the appropriate P carries forward the match on
all of them simultaneously. The match has the property that its results (differences) are
not necessarily returned at the same time; this is used to advantage by a variant of the
match that seeks only one difference: it takes the first one produced and erases all the
remaining match signals so that no further work is done. One other feature of the match
can be mentioned: matches to described objects are evoked in the same way as matches to
other objects, but the representation of described objects changes the process. Described
objects are represented as Ps that perform the tests that constitute their descriptions,
responding to the signals that initiate the Match-Diff submethod.

The PS approach to goal contexts seems to differ from that used in GPS. In GPSR,
the contexts are always present, as Working Memory items containing the name of the goal
to which they relate. Thus, context-switching is invisible, whereas in GPS (judging from its
prominence in the description) some degree of effort was involved. It is invisible in GPSR,
no doubt, because the context is established automatically on doing a P match. The
profram control context is also treated somewhat differently. There is no method
language and no interpreter to maintain control stacks for nested method evocations;
rather, when a method logically branches into two submethods, the first is evoked directly
and a data signal is left to indicate what is to be donq on success of that first method; the
data signal is used by the executive. Thus there is no control heirarchy as such, but data
signals are used to recommend sequences of action to the executive.

The PS approach is used to advantage in easily specifying complex selection
processes and combinatorial data generation. There are no select goals in GPSR: the
selections that exist are done by small groups of Ps. Usually one P is sufficient to do the
bulk of the selection; this is the case for the Try-Old-Goals process, which selects a goal
for further problem-solving effort, and for the selection of new objects for creation of
Transform goals (in GPS, the Transform-Set method). More than a single P is necessary in
the case of a cascade of selections, for instance the selection in the Try-Apply submethod
that first collects the hardest operator difference from a particular feasible assignment,
and then for all feasible assignments selects the easiest. The use of a cascade of Ps to
make a selection is partially a question of convenience, since it is possible to pile up in a
single P the conditions for the logical combinations that constitute the selection. The
generation of combinatorial possibilities by multiple outputs from a single match is used in
generating feasible operator assignments. A single P condition has conjuncts that specify
elements from several sets (domains of variables), and the result of the match is to
combine those elements in all of the possible ways. Generally, this feasible assignment
generation also includes some conditions to reject certain of the combinations before
they're emitted.

In summary, there are several useful attributes of PSs that have been brought out.
In the case of the recognition and selection networks, Ps provide a near-ideal form, and it
Is possible for a PS to build such networks in a task-dependent fashion. Also, PSs are
capable of varying degrees of expression schematically. The use of single Ps to access
and test values in objects is an indication of the power of the PS match. The GPSR match
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(Match-Oiff) implementation illustrates control flexibility and openness. The power of the
match and of the global Working Memory with respect to establishing local contexts and
control sequences is evident from examining goal contexts and method sequencing. And
the power of the match allows complex selections and generations of data to be done
easily.
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C. GPSR In Detail

C.1. An example of the behavior of GPSR

This subsection will go through in detail an example of the behavior of GPSR solving
the monkey and bananas problem. This example was chosen because it is relatively brief,
yet exhibits many of the important features of GPSR. Appendix E exhibits the full trace
printed by GPSR in solving the problem, the final state of the Working k4emory after it
finished, the complete trace of the Ps that fired, and a control flow summary diagram of
that P trace. Figure CA gives the segment to be discussed here. The first segment of
Appendix B has the task-specific Ps. In the following, we will be referring almost
exclusively to the trace printed by GPSR. Entities in [Ts refer to the associated VAPS,
Figure 8.3 and Figure B.5. Note that this discussion leaves out reference to much detail,
including the task-specific Ps.

The initial object (situation) in this task consists of a monkey at a certain place,
PLACE1, a box at another place, PLACE2, and some bananas at a third place, above a place
denoted UNDER:BANANAS. This is represented by (MONKEY:PLACE PLACE! BOX:PLACE
PLACE2). The only other attribute of problem objects for this task is the MONKEY:MAND
attribute, which is left undefined in the initial object; it is placed in an object during the
problem solving process whenever an operator puts something in the monkey's hand.
Other aspects of the problem are encoded directly in the operators and In the desired
situation, including the existence and location of the bananas, oddly enough, following the
original Ernst and Newell formulation. The desired situation is a described object that
specifies that the monkey has the bananas in its hand. GPSR must transform the initial
object into the desired one by applying in an appropriate sequence the following
operators: CLIMB, which requires that the monkey and the box be at the same place, and
which results in the monkey's being on top of the box; GET:BANANAS, which requires that
the monkey be on the box and under the bananas, and which results in the monkey's
having the bananas in its hand; MOVE:BOX, which requires that the monkey and box be at
the same place, and which results in changes in location of both box and monkey,
according to the value of the variable MOVE:TO- and WALK, which simply changes the
location of the monkey to the value assigned to the variable WALK:TO. GPSR has two
versions of the monkey task table of connections (TABLE.CONN); the one we'll discuss here
specifies that whatever difference is being reduced, all four operators are equally
desirable. (The other version restricts the choice of operators.) The differences that can
be encountered are ordered (DIFF.ORDER) as follows: the hardest to reduce is the contents
of the monkey's hand; next hardest is the box's location; and easiest is the monkey's
location.

GPSR starts out by doing some initialization. It prints out in the trace what Its top
goal (G-1) is (see Figure C.1), files (canonizes) the initial object, evaluates G-1, and decides
to proceed based on a favorable difficulty comparison (initially the top goal has a difficulty
level of 0) (see VAP EXII The next step is to select a method to work on G-1 [MS11 The
method-selection chooses the Transform method, according to G-1's type. The Transform
method proceeds (TM2] by matching (MOIJ the initial object to the desired object, finding
that the monkey's hand does not have anything. (In the process of finding this difference,
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I3 , TRANSFORM INITIALOBJECT TO DESIREDOUJECT (FROM TOP)
LOC.PROG LP-1 (MONKEYVHANO)

G 0-2 : REDUCE UNDEF TO BANANAS AT (MONKEY:HANO) OF INITIAL.OJECT (OIFFIC 305) (FROM G-I)
LOC:PROG LP-2 (MONKEY PLACE)
LOC:PROG LP-3 (BOX:PLACE)

G-3: APPLY CLIMB TO INITIAL OBJECT (OIFFIC 100) (FROM 0-2)
ASSIGNS DUMMY ,. BANANAS

G.. 0-4: REDUCE PLACE I TO PLACE2 AT (MONKEY:PLACE) OF INTIAL1OE"CT (OIFFIC 100) (FROM OS)
APPLY WALK TO INITIALOBJECT GET 0-1 (WALK:TO PLACE2)
G-4 SUCCEEDS

... G-5 : APPLY CLIMB TO 0-1 (DIFFIC 100) (FROM G-3 AND G-41)
ASSIGNS DUMMY ,. BANANAS
0-1 (BOX:PLACE PLACE2 MONKEY:PLACE PLACE2)
APPLY CLIMB TO 0-1 GET 0-2
G-5 SUCCEEDS

G-3 SUCCEEDS
G-2 SUCCEEDS

.-6 : TRANSFORM 0-2 TO DESIREDOBJECT (FROM G-I ANO G-2)
0-2 (BOX:PLACE PLACE2 MONKEY:PLACE ON-BOX)

Figure C.1 Initial trace segment for the Monkey task

a new foc-prog, for Monkey:Hand, is discovered and filed, as indicated in the second fine of
the trace.) The difference gives rise [TM3] to G-2, a goal to reduce it. After the Reduce
method is selected [EXI, MSI] the table of connections gives GPSR the set of four
operators; from the given information on the operators, it constructs desirable assignments
for the operators' variables (CLIMB and GET:BANANAS have only dummy variables) and
proceeds, using the Try-Apply submethod to apply them (RMI]. In the process of
constructing desirable assignments, enough information about the operators WALK and
MOVE:BOX is given to allow GPSR to reject considering them further (GPSR knows that
they can effect changes in location only);, but for CLIMB and GET:BANANAS, there are only
dummy variables, so that it can know nothing about their effects without trying them (in
other words, that is the extent of action of the desirability selection process this is
deficient, in ways to be discussed in Section D.3).

Continuing with the attack on goal G-3, Try-Apply finds operator differences (TA2]
for CLIMB (the monkey's place isn't the box's place) and GET:BANANAS (the box is not
under the bananas); the latter is a more difficult difference, as given in the DIFF:ORDER
object, so G-3, a goal to apply CLIMB, is set up (since both operators seem equally likely
to get a desired result, the one that looks easier to apply is chosen). Try-Apply has
already determined the operator difference, so that G-4 is immediately created [EXI, MSL,
MOI] to reduce the difference in the monkey's location, from PLACEI to PLACE2. This
time the desirability selection (EXI, MSI, RMU] has more information to go on, and is able
to specify desirable assignments for WALK and MOVE:BOX. Try-Apply finds the latter
infeasible, but the former is applicable without operator differences [TAI] and G-4
succeeds with the monkey walking from PLACE1 to PLACE2; the new object (situation) Is
called 0-1 and is filed in the net for objects (it is listed in the trace after G-5).

The executive (EXIJ, on success of G-4, finds the signal left by G-3: as an apply
goal, It was reduced to a sequence of reducing an operator difference and then applying
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the operator. Thus the executive creates G-5 from the result of G-4; G-5 is goal to apply
CLIMB to 0-1. The operator difference for CLIMB has genuinely disappeared, and there

wore no unforeseen side-effects of the WALK operator, so that CLIMB is applicable [EXI,
M.S2, M02, TAIl producing 0-2 (listed in the trace after G-6). 0-2 is filed, and G-5
succeeds; the executive [EXI] propagates the success back up to G-2, the reduce goal
sprouted in the attemp to attain G-1. G-2 is the first goal in a two-element sequence: it is
followed by a transform goal on its result, and achieving that transform goal amounts to
achieving G-1. So we have G-6, to transform 0-2 to the desired object.

The foregoing has provided enough detail to tie together the structure of GPSR as
presented in the VAPs in Section B. The reader should now be able to follow the GPSR
behavior traces. For the ambitious reader, the foregoing also provides details that should
prove useful in following the system in full detail; the remainder of this section describes
the components of GPSR whose workings are essential to that endeavor. The Monkey task
is discussed further in Section D.

C.2. The maior sets of Productions in GPSR

This subsection will present the Ps of GPSR in nine sets, which include everything
except the task-specific Ps (which are the Q's, see Section D). These sets correspond to
labelling conventions, according to initial letters of P names: E's for the executive Ps, F's
for filing (canonization), Ws for methods, K's for matching (comparing), T's for applying
transformations, C's for copying objects, D's for evaluating differences, V's for tracing
(viewing) the program's operation, and X's for building external representations of objects.
For each P group a set of abstract Ps (APs) elaborates on the VAP structure. For more
detail, the Ps themselves (Appendix A) must be consulted; in addition, Section C.3 gives
meanings for the predicates used in the Ps.

The executive Ps are divided into four groups, indicated in Figure C.2. The eleven
APs for the executive correspond to the VAP EXI (Figure B.3). They also correspond to 24
actual Ps. The EO APs represent the evaluate-goal process: action is taken according to
whether a goal is too difficult, is a repetition of a previous goal, or is neither. E0a is the
initialization of GPSR, evoked at the beginning of a task. The EI0 APs take action to
propagate the success of a goal, either setting up the second goal of a goal sequence (e.g.
reduce-transform) or causing the supergoal to succeed. The E20's propagate failure by
retrying a goal from which the failed goal was derived, or by evoking a try-old-goals
selection. The E30's are the try-old-goals selection. This includes selection by the New-
Obj criterion, which sets up a goal to transform some selected object into the desired
object; only objects for which such transform goals do not already exist are candidates.
The executive is initially evoked by an "eval-goal" signal from a task-specific initialization
P. It passes control in two ways: to the goal-filing process, using "file-goal" (see APs
ElOa, E10b, and E30b), and to the method-selection process (EOb, E20a, and E3Oa).
Control is passed to it by "eval-goal", "succeed", and "fail" from methods, and by
*repeated" (when appropriate) from the goal-filing process. The New-Obj criterion Is
turned on externally by the user.

The filn Ps are divided into four groups: a group to file loc-progs, a group to
recognize goals, a group to file objects, and a group to file desired assignments. The
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% E0's: goal evaluation and initialization; 7 Ps
EOa: gpsr-init -> initialize;
EOb: eval-goal & ditfvc-ok & not repeated -> select-method;
EOc: evil-goal & diffic-too-high & not repeated

-> abandon & retry-super oal-or -antecedent
EOd: eval-goal & repeated -> try-old-goals;

% E10s: proceed from success; 3 Ps %
E1Oa: succeed & next-trans - file-goal & eval-goal & create-new-transj
El0b: succeed & next-apply -> file-goal & eval-goal & create-new-aDDlY;
ElOc: succeed otherwise -> succeed(supergoal);

% E20's: fail; 8 Ps 7.
E2Oa: fail & (antecedent retryable OR supergoal retryable) -> select-method & retry;
E2Ob: fail otherwise -> fail OR try-old-goals;

% E30's: Try-Old-Goals process; 6 Ps %
E3Oa: try-old-goals & not new-obj-criterion & arbitrarv-reduce-with-leas-difficulty

-> select-method & retry;
E3Ob: try-old-goals & new-obj-criterion & o/dest-obiect-not-in-trans

-> file-goal & eval-goal & create-new-trans

where trans a transform goal, reduce a reduce goal, apply r apply goal.

Figure C.2 APs for GPSR executive Ps

three filing groups (goal recognition excluded) are expansions or images of the VAPs CAl,
CA2, CA3, and ENI of Figure B.7. Seventeen APs (Figure C.3) correspond to sixty Ps, not
Including the five types of Ps constructed by GPSR that are represented by FOb, FOc, FOd,
FlOb, and F5Ob*. Entry to the filing processes is gained via the AP signals "file-loc-prog",
"file-goal", "file-object", and "file-des-asg". The file-loc-prog process returns by emitting
the name of the loc-prog; the file-goal process emits a "repeated" signal if appropriate;
and the file-object and file-des-asg processes return by emitting updated versions of data
instances containing the recognized entity. For other kinds of return (i.e., when no definite
recognition took place) control falls back (passively) to the evoking process when the filing
process runs out of things to do (more precisely, the Psnlst stack :SMPX no longer has
events relevant to filing).

The loc-prog filing process builds three Ps for each loc-prog: one to recognize It
and name it (FOb), one to apply it to an object (FOc), and one to emit its components given
its name (FOd). In each case the P includes full information; this is not like an EPAM
discrimination net which decides on the basis of a subset of distinguishing characteristics.
Loc-prog filing (FOa, FOe) and recognition (FOb) are done to name the differences resulting
from Match-Diff (K's) and to name operator differences detected by task-specific operator
Ps (QD's). FOc is evoked by the Reduce method to access TABLE.CONN (N3Oa) and by
difference evaluation, to use information in DIFF:ORDER (DOa). FOd Is used by the
desirability selection process in the Reduce method, M30c.

0 Some Ps constructed by GPSR are given in Appendix 0.
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. FO's: file loc-progs; 6 Ps %t
FOe: file-loc-prog & location-link's -> location-link's & extend-net;

2 loc-prog net; 3 Ps for each loc-prog %
FOb: location-link's & matchini-location -> loc-prog-name & not extend-net;
FOc: apply-loc-prog S loc-prog-name & obect -> loc-prog-result;
FOd: get-loc-prog-compon At loc-prog-name -> loc-prog-compon's;

FOe: extend-net & location-link's -> build-ua-new-P & loc-prog-name;

% file goals; 1 Ps 7.
Ff: file-goal -> trace-goal & recog-goal;
FOg: recog-goal & matching-old-Eoal -> repeated;

7. FIO's-F40's: file objects; 34 Ps; net: one P per distinguishing object feature I
FlOe: file-object -> build-ext-repr & test-object-net & extend-object-net;
FlOb: %. object net % test-object-net & sub-ob ect-matches -> issame;
FlOc: extend-object-net & not issame

-> match-diff(using dummy object) & match-diff I & match-result-exam;
FlOd: extend-object-net & issame -> match-diff & match-diff1 & match-result-exam;
F2Oa: match-result-exam & match-resultl -> sai-obiect-net-P-usin -result;
F40: match-result-exam & not match-result I -> replace-occurrences(with old object);

% F50's: file desired assignments; 9 Ps; net: one P per desired assignment 2
F5Oa: file-des-asg & assigns-n's -> assigns-n's & extend-des-asg-net;
F5Ob: % des-asg net % assigns-n's & matching-old-des-as -> issame-des-asg;
FBOc: issame-des-asg -> rep lace-occurrences(with old des-asg);
F50d: extend-des-asg-ne' & not issame-des-asg -> extend-de-asK- n-Mtuh

des-ass v desired assignment.

Figure C.3 APs for the four kinds of filing

The goal-recogrition process (APs FOf and FOg, or 1I Ps in GPSR, F6-F9N) has
separate tests for each of the three types of goal (transform, reduce, and apply). The
tests for apply goals are the most complex since they may or may not have been
constructed with already-given operator differences. Two apply goals that are not given
differences and that are otherwise identical would be the same, since each would find all
such differences and try to reduce them. But the repetition of apply goals that are given
differences are repeated based on the exact difference. As a side-effect of recognizing a
goal, it is traced externally via "trace-goal" (FOf), which is used by the V's.

The object-filing process is based on an EPAM-like (Feigenbaum, 1963)
discriminatione. The object net consists of Ps that recognize isolated features of objects

9 See Chapter III of this thesis, which contains other references and a more thorough
discussion. The object-filing process is actually an advance in EPAM design over Chapter
ilL
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and, on recognition, emit the name of an old object that looks like the object being filed on
the basis of those features. When a candidate is proposed by the net to be similar to a
new object, the filing process uses Match-Diff to verify the match or to find a difference
between the proposed object and the new one. (Actually a variant of Match-Diff is used
via the "match-diffl" signal, so that the match stops before finding all differences, since
only one is necessary). A dummy object is used to extract an arbitrary feature from an
object, if no existing object-net Ps match on any of the features of an object. When a
difference is found, the P that proposed the candidate old object is split into two, one to
continue to recognize features of the old object, and the other to do the same for the new
one. The split actually consists of extending the old P in two mutually exclusive ways by
adding conditions, or their negation, corresponding to the difference produced by Match-
Diff. Thus a new object may cause more than one such split, since different features of it
may match features of several old objects. The potential danger of too much net growth
was not in practice a problem, for the tasks given to GPSR. A refinement to allow better
selection of differences for making maximal distinctions between objects might be to use
the DIFF:ORDER object, because perhaps easier differences are more likely to change and
thus offer a better chance of providing a discrimination. Object-filing occurs at the
beginning of a problem when the initial and desired objects are filed (QI) and it happens
when the Try-Apply submethod receives the result of an operator application (M4Ob, from
QA's).

The filing of desired assignments, the F50 APs, is like the loc-prog filing, based on
complete information on the assignments. Only one type of P is constructed; when a new
desired assignment is recognized to be an old one, all data items mentioning the new one
are fixed up to refer instead to the old one. Filing and recognition of desired assignments
occurs when they are constructed by the desirability selection process (M3Oc).

The method Ps are divided into the method-selection process, the three methods,
and the Try-Apply submethod. The five AP groups, Figure C.4, correspond to the VAPs
in Figure 6.5 and to 64 GPSR Ps. The method selection process is always evoked by the
executive, using the "select-method" signal, and the method selection in turn passes
control to specific methods by specific signals. The M20 APs give enough detail on the
Transform method to show the evocation of the Match-Diff submethod, the difference-
evaluation routine (M20c), and the collection of results (by repeated P applications) from
the Match-Diff submethod. The full detail of the use of the "transf-2" signal is not shown:
there is a P firing that uses "transf-2" and emits anotier signal to allow the selection of
the most difficult difference in M20e. This delay allows all match results to be completed
before proceeding, and it is achieved using Psnlst's :SMPX to hold off examining the
"transf-2" signal. M20e is one place where a sequence of two goals is set up, a reduce
followed by a transform; the "next-trans" signal communicates this to the executive (see
AP EIOa in Figure C.2). The Transform method passes control back to the executive with a
"succeed" signal (AP M2Ob) or with "file-goal" and "eval-goal" (M20e).

The Reduce method is composed of the three M30 APs, plus M40g, h, and i. M3Oa

shows the application of the difference loc-prog to the TABLE:CONN object to get the

operator or operator set relevant to reducing the difference. By repeated applications of
M3Ob and M30c, all desirable assignments are constructed (see also Section D.3).
Control always passes to the Try-Apply submethod, after evocation of the desired-
assignment filing process and after generation of feasible assignments from desirable
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% WO's: method selection;, 5 Ps %
Me: select-method &i goal-type~ -> transform-method OR reduce-method OR moveop-method;

2 M20's: Transform method; 14 Ps %
M2Oa: transform-method & not obiects-same-name -> match-dliff A transf -2;
M2Ob: transform-method &i ob *ects -same -name -> succeed;
M2Oc: match-result -> diffr-eval & use-dif fr-eval -result;
M2Od: dif fr-eval -result &i use-dif f r-eval -result -> match-val;
M2Oe:transf-2 & most -dif ficult-match-val

f~ ile-goal &i eval-goal &i create-reduce-zoal &i next-trans;

% M30's: Reduce method; 20 Ps %
M3Oa: reduce-method & has-dif fr & not retry -> apply-loc-prog(dif frTABLE.ONN) &i select-opi
M3Ob:select-op Si loc-prog-result & is-move-op -> select-des-asg;
M3Oc: select-des-asg & move -2-como's & Loc-poog-compon s(diffr)

-~file-des-asg & assigns-n's & gen-feas-asg & try-apply;

7. M4O's: Try-Apply submethod; 19 Ps %
M4Oa: try-apply & arbitrary-new-eas-la -> apply-op Si apply-check;
M4Ob: apply -check Si apply-result -> file-object &i succeed;
M4Oc: apply-check & opr-diffr -> diffr-eval Si try-opr-diffr-setup;
M40d: try-opr-diffr-setup &i hardest -or-Sif _r-f or -feas-pAs

->has-opr-diffr-asg &i try-apply-2;
M40e: try-apply-2 & al-a~~l-2s-tied Si easiest -has-oor.-dif fr-Ms(all feasasgi)

-> try-apply-result;
M40f: try-apply-2 &i not has-opr-diffr-asg -> methods -exhausted & fail;

% these are really part of Reduce method: %
M4Og: try-apply-result Si is-reduce-goal

-~file-goal & oval-goal &i c re ate -new-apl-oal -for -result;
M4Oh: reduce -method & retry & has-new-feas-asg -; try-apply;
M4Oi: reduce-method & retry & not has-new-feas-asg -> try-apply-2;

2 N60's: Move-operator method; 6 Ps %.
W.Oa: moveop-method & has-opr-diffr & not retry

-> file-goal & eval-goal & create-new-reduce-goal &i next-apply;
M5Ob:rnoveop-method & not retry & not has-opr-diffr -> gen-feas-asg &i try-apply;
WvOc: try-apply-result Si is-apply-goal

-> file-goal & eval-goal & c re ate -new -reduce -goal Si next-apply,
IvE~d: moveop-method & retry & has-new-feas-asg -> try-apply;
ka60e: moveop -method &i retry &i not has-new-fess-asg -> try-apply-2;

diffr a difference, des-asg n desired assignment, feas-asg a feasible assignment.

Figure C.4 APs for the method Ps

assignments (M3Oc evokes the task-specific generator QF using wgen-fessasgw). The
M4Og AP shows how control passes back to the executive in case operator differences
must be reduced. M4Oh and i show how the method is restarted (retried) depending on its
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previous status. Other exits from the Reduce method are direct from within the Try-Apply
submethod.

The Try-Apply submethod (M40a-k44f) is evoked by the Reduce and ove-
Operator methods, using "try-apply" or "try-apply-2" signals. It may be evoked in a retry
situation, in which case unselected responses from past evocations are tried (M4Oh, M4Oi,
KOd, I6Oe). It has sole responsibility for evoking task-specific operator applications
(M4Oa evokes QA's or QD's), using feasible assignments generated at the end of the
desirability selection process (M30c), and for testing the results of those (M40b and c). It
returns control to a parent process by the "try-apply-result" signal (M4Oe) in case of
operator differences, or it passes control directly to the executive with "succeed" or "fail"
(M4Ob and M4Of). Note that APs M40a through M40e are applied repeatedly until a
success occurs or until all operator differences have been extracted, allowing a selection
to be made for maximal progress. Each operator difference, produced by QD's, is
processed by M40c, which evaluates it using the difference evaluation routine ("eval-diffr",
the D APs). Each operator-feasible-assignment pair may produce several operator
differences, the hardest of which is selected by M40d. When all operator-feasible-
assignment pairs have been tried (assuming none succeeds and M40b doesn't have a
chance), M40e selects the easiest of the set of hardest ones from M4Od, and emits it as
the result. If a success does occur, the partial state of the selection stays around in
Working Memory for possible resumption (retry). If M40e emits a result, the set that the
result was selected from also stays around for use under retry conditions.

The Move-operator method is similar to the Reduce method in its control
characteristics. KM5Oa and b have an effect similar to M30s, b, and c, while m5Oc, d, and 9
correspond almost exactly to M40g, h, and I. kGOb is a second instance (cf. the reduce-
transform sequence in AP M2Oe) of the occurrence of a goal-sequencing operation, using a
"next-apply" signal: a sequence of a Reduce goal and an apply goal are sprouted to
achieve the apply goal that is the subject of the method's evocation. The "next-apply"
signal leused in the executive AP Eb0b.

. Ks: matching (K for compare); I I Ps 7.
KO: match-diff(objects) & not match-restriction(node) -> match-diff(nodes)
KOb: match-diff(nodes) & nodes-correspond

-> match-diff(daughter nodes) OR match-ok(terminal nodes);
KOc: match-diff(nodes) & not nodes-correspond -> extract-location;
KOd: extract-location & link-path-to-toD-Lf-ob ect & not match-diff!

-> file-loc-prog & location-link's & setup-result;
KOe: setup-result & loc-prog-name -> match-result;
KOf: extract-location & link-iath-to-top-of-obiect & match-diffI

-> match-result! & location-link's;

Figure C.5 APs for the Match-Diff submethod

The matchin Ps constitute the the Match-DOft submethod, Figure C.5, which is
evoked by the object-filing process (FOc and FIOd) and by the Transform method (M2Oa).
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The match is done in two phases, descent into the two objects from the top node along
corresponding link paths until matching terminals are reached or until a difference Is
found, and ascent from the location of the differences to the top, collecting the set of links
to form a loc-prog that will be used to describe the differences. KOa, KOb, and KOc
perform the descent. KOb is applied repeatedly until terminals are reached or until KOc
applies at the nodes in question. KOc corresponds to five Ps which define the ways for a
match to fail. KOd and KOe extract and name the difference found in case the full match is
desired. KOf extracts the location of the difference but does not name it, if the "match-
diff " signal is present. In this case the match result (the link path) is used directly by the
object-filing process to build a sequence of condition elements for discriminating the
objects matched.

. "s: transformations; 23 Ps .
T's: apply-transformation & 2ie -> transformed-obiect

%. C's: copying objects; 4 Ps %
C's: copy-object & obiect - coied-obiect

%. D's: evaluate diffrs; 5 Ps %
DO&: diffr-.val -> apply-loc-prog(diffr,DIFF.ORDER) & diffr-eval-resi;
DOb: diffr-eval-resl & loc-prog-result & difficulty-criteria -> diffr-eval-result;

%. V's: trace goals; 9 Ps %
Ve: trace-goal & foal-attributes -> printed-messaxe;

%. X's: build external representation of objects; 6 Ps %
Xa: build-ext-repr & obiect-links-and-values -> external reor-of-b

Figure C.6 APs for low-level processes

Finally, we can briefly consider some of the lower-level processes in Figure C.6.
The r's are evoked by task-specific operator-applying Ps (QA';), as are the C's. The Ts
perform the operations listed in Figure 8.4. The C's copy an object by creating new node
tokens and attaching the corresponding links and values. The D's are evoked by the
Transform method (20c) and by the Try-Apply submethod (M40c), to evaluate match
differences and operator differences, respectively. The result is a numerical value that is
100 times the difficulty given in the DIFF:ORDER object (i.e., a location-dependent measure)
plus a heuristic that weights the type of the difference. Presently two such heuristics are
used, as dictated by the tasks performed: one adds a weight of 5 to a difference whose
actual value is "UNDEF" and whose desired value is some other constant; the other adds
the absolute value of the difference between actual and desired values, if they are
numeric. The numbers that go into this difficulty computation were arbitrarily chosen to
result in reasonable ranges of values for the tasks chosen. The V's are evoked by the
goal-recognition process to print out a trace message giving goal-type-dependent
information. The X's build a human-readable representation from internally-constructed
new objects. These are evoked by the object-filing process.
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Q.3. Moeanings of the GPSR predicates

This section gives, in alphabetical order, explanations of the predicates that
constitute the actual Ps for GPSR (Appendix A). As a preamble to the list, the following is
a set of pointers to groups of predicates that belong together in representing various
entities.

Goals (common to all types): HASDIFFIC, HASACTUAL.OBJ
HASSUPER:GOAL, HASTRACELEVEL, ISSAME:GOAL (only conditionally
present).

Transform goals: ISTRANSFORM:GOAL, HASDESIRED:OBJ HASANTIEC
(sometimes), HASALT:DIFFR (optional).

Reduce goals: HASDIFFR, HASOP (used only for debugging).
Apply goals: HASDES:ASG, HASOP, HASOP:DIFFR (sometimes), HASANTEC

(sometimres).
Objects: HASTOPNODE, LINKS, HASVAL, ISSAME, ISSAME:EQV, ISDUMMY,

ISDESCRIBED.OBJ, HASEXTREPR, MATCH:RESTR.
Loc-progs: HASNAME, HASLINK, HASLP:COMPON, APPt.Y:LOC:PROGa,

GETLP:COMPQN, HASEXTREPR.
Assignments: ASSIGNS, ASSIGNS:N, ASSIGNS:D, ISSAMDA.
Move operators: HASMOVE:.COMPON, ISMOVEOP, HASVAR, HASVAR:LINK,

VAR:DOMAIN, CHANGES:VAL, ISSET, INSET.

Points where a trace message is printed can be found by using the entry for
TRACING in the predicate cross-reference, Appendix C. Other aspects of the process can
also be found in this way; for instance, all places where difficulties are assigned to goals
deal with HASDIFFIC. Reading through the Ps will give further hints for groupings of
predicates by meaning.

* Types for the predicate arguments:

a assignment Ip loc-prog
d dif ference n node in object

*do desired assignment o object
9 goal op operator
k numeric value v variable for task operator
I link w, x, y, z arbitrary.

ADD LAST(et,n) n is the last added node in ADD LINK e"l x. Me
AOD:LINK(o,ei,lk) add a link to o. all instances with the some x form a set of links I that gives a

location; ki values order the set, increasing away from the top of o; when.a non-
numeric ki is reached by the link path, k is the votive placed at the location
reached (T, OA)SO

ADOPRODPWei P x is a created one; this instance it assorted Woen ADOPROO is exescuted toa
add the P. (F)

APPLY.CI4K(g,op,da.a) chock the results of the appliatiorn of op, in content of g, with assignments do
and s. M

APPLY.DIFFR(ip~x l,e2,op) on attempt to apply op has resulted in a difference at Ip, with all whone the
operator desired x2 WM, QE)

0 The primary P group that uses a predicatea will be given in parentheses af ter the predicate desceription.
0e References to Q) Ps are to 0's in the MC t ask. variant WC1, unless otherwise noted; the MC Pa are the only lienk
Ps given in the cross-reference (Appendix C)
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AOPLYIOIFR:SETUP(d.opNINx2) set up for operator diflerence d% for op values itI.M2. (M0 QE)
APPLY.LOC.PROG(tp,o) apply Ip to a. (M. 0, We)

APPLY.OP(op,&.*) apply op to o using a; op is a move operator. (QA. 00' M)
APPLV0OP2(op,&ao) signal tha Completion of the operator difference proesus. (00 in MCI owd)

APPLY:OPF(op,o) apply op to a; op is a form operator. (M)
APPLYRESUI.T(op,o) * is the result of applying op. (M, QA)

ASSIGNS(av,%) a tasigns m to be the value of v. (OA, 00. OF, M)
ASSIGNStD(dasv,x) do assigns x to be the value of v. (0, F, V)
ASSIG4S:N(da~v~x) do tantavaly ussignsa uto be the value of v; this changes to ASSIONSO offer the

do is filed. (F. M. DA)
CIIMIGESVALMv v chane the value (HAS VAL) ot sme location, that is, when the operator uein

v is opplied a value is changed from one non-eumeric value to another. (01 in MK.
M)

CI4ECK:NUMV(da) check if do assigns any numeric variabbs, as part of the deirability selection
process. (M)

CI4ECKRETRY(S) check it g can be retried. (E)
1CHECK:SAME(11, 12) check if apply-loeta gl and g2 have the som IASOP:DIFFR instancs, so that Si

would be a repetition of g2. (F)
CHECK:SELX(g~op) the desirability selection process can generate no desirable assignmient for op

within S; this simply records the condition; the program makes ne use of it at
present. (M)

CI40EOLDGOAL(g) I is an old goal that is retryable; this signal defines a sot of such goals from
which a selection is made. (E)

CHOOSE OLD OBJ~o) o is on object that is a candidate for selection under the tNsw-Obi criterion. (E)
COL:DANET(da.lyiy) collect the tomponents of a desitsd-.ssignmsnt-riet Pi ki is a count of the

couiponent*, used to tioarste unique variable names; x is the L11S of the Pi y to a
list that is keeping track of mutual exclusiuon conditions en varabes In the Ltt9.
(see FS0 ffl)

COL-IPNET~p~uxky 1,V2,z) collect the components of two loc-prog Pe; Ip is the nae of the tec-prog; d Is
the difference whose location defines Ip (see IASLINK). x is a list of the links in
Op; ki is a count of treated vertables for the Pe; y I and y2 are 1149. for the apply

a nd recognize loc-prot Pa being built; a is a list of the cenipotionts in Op for use
in the loc-prog component P. (see F1 ft.)

CO~iONT(n,dJk~y,zI,z2,oI,o2) collect the components necessary to split object-net P n in two to dlisftiguish
between a new object ol arid an old object o2, d gives the location where a
difference has been found; values for ol and o2 at d are zI and z2; i kai a
counter for created variable nameni y is the piece of LHtS that will be used in 0.e
split. (see Fl10 ff.)

COPYLAST(x,n) ni is the last nods visited in the COPY LINK set it. (T')
COPY.LlN(o,v,lkk) copy a value at some location in a; the set of mateness wit the *am N

determine a link path using 1; the Wes are numeric. ordering the set of link to be
followed. except the lost link's k is the value to be placed ot the locationt (IQOA)

COPYODSJ(o 1,o2) o Iis to btcona a copy of o2, the arguments become (n 1.4) during t process.

OECR:LAST(x,n) n is the last node visited in the DECR LINK met . (T)
ODECR:LIN(o^utk) decreruint a value in o Mt some location, the got ot instances with the soe m

determines a sa of links to be the link path; the set is ordered by the W's.
except the It that specifies the value of the decrement, which as represented as
4 negative integer. (T, QA)

IDIFFR EVA1.0pNI,52) a difference at lp with values xl and i2 is to be evaluated and sassigned a
numeric difficulty (0, M)

O!FFR:EVAL RESI~tp,ual,s2) step one of the DIFFR EVAL proceas. (D)
OIFFR-EVAL RES2(lp,vt IA) stop Iwo of the OIFFR EVAL process (D)

DIFFR;EVAL RESULT (1p,x 1,42,k) k is the result of thu OIFFR EVAL processi (OM)
ERASE APP(g~a) erase the APPLY OP and ASSIGNS signals for I on a. (Mt)

ERASE CIOICES(N erase the choices genierated in the Try-Old-Gosho process; n is a dummy. ME
ERASE COICES OWN erase the choices generated in the CHOOSE OLD 09.1 melthod. n is a dummy. (E)

0 DA.,LA NanLCrfrtcetd not Pa, see Appendix .
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ERASE:CS(s) erase the CHECK SAME signals for g. (F)
ERASCSP(g) ready to do ERASE CS(g); this is present iet im no ERASEO P siiaIs

otherwise emitted. (F0
ERASE:LPC(x) erase the HASIP COMPON data; x is a dummy. (M

ERASE:MATCH DIFF(x) ese ell MATCH 01FF signals; n is a dumumy. M
ERASE:MO(ol,o2) erase MATCHDIFF signs for a l,o2. (F)

ERASEMLI(d,oI,o2) aeas LOC1EXTR instances for ol, 92. (F)
ERASE'MNI(d) erase HASLINK instances for d. (F)

ERASE:MR1(d~o1,o2) erase MATCH-RES I instances for o I, o2. (F)
ERASE:MVAL(g,m) erase MATCH.VAL signals f or S, x. (M)

EAASEO8JXo *rase o, destroying LINKS end HASVA~s; a is else a nodo. (F)
EVAL:GOAL(l,k) evaluate goal S; if its difficulty is hither than k., it's too diffiajlt. (E, K, 01)

EXT:DANET(da,op) check whether to extend dested-essignment net by adding da. op is the related
operator. (F)

ECT:DANET2(da) extend doeired-aesignment not by adding da (F)
EXT:LPNET(d) check whether to extend loc prog not by loc-prol for d. (F)

E)(T:LPNET2(d) extend loc-rot net by locprot for d. (F)
EXT.ONET(x,dy l,y2,o 1,o2) extend the object net, splitting P x; the difference between al (now) atnd Q2

(old) is located by HASLINK's of d; values at that location are VI and V2. (F)
EXTREPR(o) build the external representation for o. KX F)

FAILUg) signal failure of t. (E, M)
FAILED(g) g has failed. (E)

FEASASG(opde~g) generate a feasible assignment for op from do; context g. CMK OF, F)
FfL.E:DES.ASG(dakop) file do; op is the related operator. (M, F)

FILE:GOAL(g) file S. (M, E, F, 01)
FILE:LOC.PRDG(d) file the loc-prog tiveni by the HASLINKes for d (F. 00, Q, K)

FLLEOBJECT(o) file o, (F. M. 01)
FORM2INPUT METI400(g) aignial for the (unimplemented) two-input form operator method. M

FORMOP:METHOO(g) signal for the (unimplemented) form operator method. (M)
CENDE9-ASG~g,op,lp,k) generate variable-value pairs (ASSIGNS N) for do, in context of S, for op; x is the

particular component of op (HAS MOVE COMPON), Ip is t location of the
difference being reduced, and k, if non-zero, is the nice of the ("nnurac)
difference CM)

CENDESASG2(g,op,d&.,lp,k) second stage of GENOESASG; carries on after a check for components of Op. M
GETLP:COMPONClp) signal that evoks a created Ip P that emits the HASLP.COMPOW@ for *p CM, LC)

GPSR1NIT(K) iitlize for the run; m in a dummy. (E, 01)
HASACTUAL OBJ~g,o) C has actual objoct o. (M, E, F, Q1, V)

HASALT0IFFR(g,lp.k,x1,x2) t has sitornative difference at Ip, difficulty h, values xl and x2. only applies to
'ranaform goals unrlor the RETRV:TRANS option 0MA E)

HASANTEC(g 1lu2) 11 has antecedent toal g2. (E, V)
HASDES ASG(g,da) t has da. CM, F, V)

HASDESIREDOOJ(C,o) I has dosired objoct a. (M, E, F, 01, V)
HASOIFFIC(g,k) t has difficulty k (M, E, V)

NASDIFFR(,tp,xl,w2) g has difference at IP, actual value xl and desired value x2. (K, F. V)
IIASEXTREPR(o,x) o has external representation x; o can elso be an Ip. (F. K, V)

HASLHS(x,k,y) object-net P x has LHS y; ki is the number associated with teat variabl
created for it (F, 0B)

HASLINK(d,Ikk) d has t; k orders the set of links so determined, with 0 at the link meat distant
from the top of an object. (K OD, QE, F. IN)

ItASLP:COMPON(lp,l) lp has component I. (F. M, LN, IC)
NASMOVECZOMPON(op,x,yl,y2) move operator op has component x, which~ at a location specified by the

HASVARs of x brings about a change specified by an .ld value yI and a now
value y2; for instance. yl - LOW, y2 - HIGH, specifying a numeric incroose (1M,
01)a

HASNAMC(d.lp) d has Ipi as ito location, as computed from HASLINKes for d. (W, LN, 01, K)
HASNEWFEASqg,op,&.da~k) % has a new fesible assignment a, baoed on do, for op;iIts desirabity is k. with

higher values more dseiable. (M. OF)
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NMSIEWEASOIO0g.opi.a0k signal that the doAlty h is to b. computedAs it Oppeora in NASNEWTMAI
the argumente are as for NASNEWIFEAS. (OF)

IIASOP(g.op) I has op. CF. M. E, V)
NASOP:DJFFU(gop,lp,ail.n2) the operator difference for g ia at l^, with actual vau x1l, 11111096 vARe .I

(F,M)
HAS0PDIFF3.ASG(gLep,^a.l,*2) op is being attempted by If. with a generated from da;;a differenee has bees

found at Ip, actual value x J. desired vaslue x2; ki gives the difficulty evaluation of
the differenca (M)

I4ASUEPR(n,.) n has extornal representation x, intorme' ts in the external roproeentttn
collection process (EXTREPR) for object. (X)

HASUPER:GOAL(1g1,S2) SgI has supergooelg2. (E. K.4 V, 01)
I4ASOPMOIDE(") a he, n so its top nods. (IC, T. C, OA, 00. LA. 03, 01, X, F, E)

HASTRACE:LEVCL(l,k) I has truce (indfentation) level k. (E, V)
I4ASVAL~r~m) n hae value x; n is a terminal node of eaono object without daughter LItikie (IC,

T. C. QA. 00. LA. 09, F, X, II1)
HASVARb.,v) x, a component of a move operator (see HASMOVE-COMPON') too v so a

specifier of one of the links of the location of the component's change. (01, M)
HAS VAR:LINK~v~l) I is the link associated with v; v is of s special type of variable that thanes a

value, so that the value assigned to it io that change as oppoe to the link
locating some change, as is the case for other variables. (01, M)

INCR:LAST(x,n) n is the tIati node visited in the INCRLItK set x, CT)
INCR:LINK(o,k) like DCCR LINK, except the value is to be incroesnted. CT. QA)

INSET~opaw) op is in operator set x. CM, 01 of Monkey task)
IS21NPUT(op) op is a two-input operator (unimplemented). CM)

ISAPPLV:GOAL~g) I is an apply goat (F. K.1 E, V)
ISOESCRI9EOOB0J~o) o is a described object (K, 01 anid OK of Monkey toak)

ISDUMMY~o) o is a dummy object, used us a match against some object to determiinet an
arbitrary difference for it, in the 61ject filing proew it has a top nodei only. (F.
EO)

ISFORmOP(op) op is a form operator (unimplemented). (M)
tSMOVEOP~op) op is a move operator. (M. 01)

ISAEDtJCE:GOAL(g) I is a reduce goat CE, F, K, V)
ISSAMIE~o ,o2,x) ocI is the ame as o. as determined by object-net P x Ca partial determinetlon at

beat). (F. 08)
11SSANE:OA(dal,da2) dal is the same as the previously-known desired assignment, da2. (F. OA)

MSANE:EQV(o l~o2) of is the same as the previously-known o2, so that occurrenes of .1 oee
equivalently o2. (F)

ISSAME:GOALI1,g2) gIisa the same so the previoualy-known 12. (F. E)
ISSETWs it in a set of operators, in a table of connection& (M, 01 of Monfery, teak)

IS1TRAN9FORMGOAL(S) I is a transform gok CE, F, M. V, 01)
LAST:DANET(as) a is the last desired-assignmeneat P IIde (F, E)
LAST:PNIET(n) x is the lust loc-prog net P adde (F. E)
LASTONEt~m) is is the luet object net P ded(F, E)
LINKSCIknl,n) Iis the link between hi and n2 in some object; nl is the parent node. being

closer to the top nodle (kC T. C. F. QA, OD, LA. 09. N, 01)
LOC4EXTR(n~AV~I,ui.o2) extract the location of the difference, named d. between el and o., with

respective value ml, .2. ki is 0 for the terminal node of the difference, and
increases towards the top node, thus usable for ordering the extracted location
(see RASL INK). (kC F)

LOCPROG-RESULTCIko,m) x as the result of applying I to o (LA, M, D)
MATCI4.IFI(x) x is a dummy argumenti this signal. that the MATCH DIFF process nee onl

return a single difference, to be used in huihin the object recognition net. (K. F)
MTCH:OlFF(nl,n2,oI~o2) match of and o2. i end Q2 at* the current nodes being matched, except that at

the top leve) they or* the objects themselves (K, F)
MATClfRESl(d~xl,x2,o1,o2) MATCHDIFF, so restricted by MATCHDIF), on W1 and *A, has found the

difference d with respective values ml and P2 (K., F)
MATCH.RESE)CAM~oI,o2,ir) examine the result@ of matchin *I and o2, in the procoss of creating the object

recognition not, x is the P that idiceted a I and o2 to be sie~r (F)
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n~tod fK ata01) aeehute.CM

checkVST~p~ for2 set he upge to xten the deesdultgneo net this Is neosesary2).

in case more than one assignment is to be filed ot the sam tlo (F)
MOVE METHD~g)use the Move-perator method to attein g. (M)

NEXT:OOAL-AP1PLV~g.opde~h) the next goat to be tried offer 11 sucmees aen apply gia, with ep, daK aW
difficulty k. (M, E)

NEXT:GOAL:TRANS~g~o) the newt goal to be tried after g succeeds is a transforms goal with dewied object
o. CM. E)

ONETSUCC(, I,o2) proceed from the object-niet building process with .1 as the resutt of thes
success of 1i o2 is the new object found to be the some as *I. (F)

ONET:SUC'CH(a,oI,o2) hold the emission of ONEt SUCC(g~o l,o2), allowing other processing to Inferen
(the presence of ONET SUCC would interfere with that processing). (F)

RECOG.GOAL(g) apply the recognition teot to a new goal g, to see if it's a repetition (W, E)
REDU)CE:METHOD(g) use the Reduce method to attain 1. (M)

REDIJCE-OPCI4K(g~op,o) check the result of applying op (a form operator) to ., In centemit It
(unimplemented). (M)

REM:LAST(x,n) n as the last node vimitod in the REM7LINK set x. (T)
REM:LINK~o,x,t) remove some link or set of links from o; all such with the some x constitute a

link path; the removal is of every thing below the node at the end ef the f*n Peth.
(T, OA)

REPLHSP(x) the LHS of P x has been replacved (F)
REPRIISPWx the RKS of P x has been replaced (F)

RESILT$ETUP (dxl,x2) set up to use the result of filing the toe-prog specified by d (K)
RETRY~g) S is being retried (M, E)

RETRY;TRANS~x) signal that the retry ef transform goals is onsblodi thie in specified by the user
at the start of a run, not internally according to somme probilem-solving strategy.
(M, E)

SELECT:DESASG(op,lp,tx I,x2) select a desired ssigniment for op, to mks a change from value al to value x2
at the location specified by lp (M)

SELECT.METHOD(t) select a method to apply to attain g. CM, E)
SELECTfJEW ODJ~x) signal that the selection of new objects (the New-Obi cr'iterion) is enabled, so in

GPS's Expanded-Transform method; this is an external switch, like RETRY:TRANS.
WE

SELECTOP(SgiIl,x2) select an operator to chantie from value xalto x2. in fl. (M)
SPLITO6B(w,xl,x2,yI,y2,z l,z2) complete the splitting process on object-net P w. iml end x2 are pieces of the

LKS of w; yl and y2 are values that determine how it's to be done; al and *2
are relevant variables within the P. (F)

SPROUTREDAPP(g,op,l"p,%~2,k) sprout a now reduce goal with difference at Ip, actual value ml end desired value
x2, to be followed by A apply Soakb with op; ki is a difficulty value to be used in
evaluating the new tools. (M)

SPROUT:REDTRANS(lp~k.al,%2.g) similar to SPROUT RED APP, except the goal to follow is a transforms lost (M)
SUCCEEO(g~o) I succeeds with result o. (M, E. F)

SUCCEEDED~l,o) v has succeeded with result o CE)
TEST ONET(o) test for the presence of objectesaimilar to o in the object mt. CV, 06)

TEST-ONETF(o) finished with the teot signalled by I 3STONET(o) (F)
TEST ONETR~o) check the result of TEST ONET~o). (F)

TEST:ONETSo o2,x) o2 was found to be similar to ol, asasted by P a. (F)
TRACE ASG(da) print a trace of do, (V)
TRACE GOAL(%) print a trace of C (V. F)

TRACEJINODW Itis the trace indentation. WV, E. F, QA)
TRACEOBtJ(o) print a trace of a. CV)
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TRACMN(m) a duray, predicate whose asrewnt ism function cod whome evaluation moult. In
a printout of a trace line WV, E, F, OA)

TRANSF2(1) vernal the end of the first 'slop" of the transform nethod; the first 'stop*

evokes the MATCH DIFF method (M)
TRANSF3(s) :ine the end of the second "stop' of the transform mesthod, which evetsmtoee

MATCH DIFF results; ready to proceed using those results. C(, E)
TRANSFORM METHOD(S) use the Trasform method to attaig. (M)

TRY-OLO GOALSC1) evoke the Try-Old-Goole process atter quitting l. (E)
TRYAPP(t,op) evoke the Try-Apply oubisathod. to apply op to sttain l. (M)

TRYAPP2(t) signiall the final selection in the Try-Applye oenothod (M)
TRYAPP:-D1FFR;SETLUP~g.opdsoa4px1,x2) set up to examine the results of evaluating an operator difference within

the Try-Apply sbethod; the orqumvents live th goal context (g~op,das) and the
difference (at Ip, actuat value xIi and desired value m2). (M)

TRYAPP:RESUJLT(g&opdsAia.pxI,x2) the result of the Try-Apply submethod isa sdifference (at Ip, actual value xl
end desored value x)) with difficulty kt, 1, op, d, and a are context. (M)

TRVAPPI4(g,op) hold thee TRYAPP vernal for g and op while some other TRYAPP signal is being
processed, or while multiplo feasible assignments are geneirated (M)

VAR:DOM4AIN(v,x) x is in the doemen of v (M, OF, 01)
XRCOLL(nI,n2,l) collect the external representation (I4ASEXTREPR) for nl, in some obect; Q2 is

the parent node of nil, linked by It WX
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0. Tasks Given to GPSR

0.1. Justification of choices

GPSR has performed three of the eleven tasks given to Ernst and Newell's GPS. The
three chosen ones represent a relatively wide range of variation, with the easiest one
chosen as a good initial-debugging task. The easiest task for GPSR is the Tower of Hanoi
(THI, in the sense of requiring a minimal amount of executive and method machinery. The
next task on which GPSR was tested is the Missionaries and Cannibals (MC); this is the
most difficult, requiring the full benerality of the backup machinery in the executive and
methods. The Monkey (MK) task was tested last; it has some important differences in
terms of peculiarities of formulation.

Figure D.1 gives a hierarchy of the eleven GPS tasks, computed on the basis of
Figure 90 of Ernst and Newell (1969, page 270), which gives the basic processes and
methods used by GPS to solve the various tasks.

MC TH disjoint:
WJ 11 z BK II IC

FS II MK. PC
PRS z BK II

3C
II

LS

Key: Abbrev. Task Abbrev. Task
Wi Water Jug MC Missionaries and Cannibals
FS Father and Sons BK Bridges of Konigsberg
TH Towers of Hanoi MK Monkey
3C Three Coins LS Letter Series Extrapolation

PRS Parsing Sentences IC Integral Calculus
PC Predicate Calculus

Figure 0.1 A hierarchy of tasks by method usage

WJ uses ten methods, nine of which are used by MC; of MC's nine, six are used by BK and
five of those are used in TH, MK, 3C, and LS. PRS uses the methods of BK, plus two
others, but the two it uses are not used in MC, so PRS is on a distinct branch of the
hierarchy. PC uses three methods not used by IC, and IC uses one not used by PC. PRS,
PC, and IC differ from the other tasks in using form operators instead of using move
operators exclusively. (GPSR has no facility for form operators; see Section G.1.) From
the figure it is evident that the set of tasks chosen represents a suitable range of
difficulty with respect to methods and processes used.

By peculiarities of task, beyond the method-process distinctions above, TH is

IV-35 0.1



0.1 Tasks Given to GPSR GPSR

relatively simple both in specification and In behavior. MC is more complicated: It uses the
capability of retrying transform goals, it has selection by the New-Obj criterion, goals fail
and retrying is necessary, it has numeric differences, it has a match restriction, and its
operator has post-tests. MK adds the following peculiarities: more than one operator, a
non-restrictive table of connections, and a described object as its desired object. The
three tasks TH, MC, and MK together have operators that use almost a complete set of
transformations and tests (Figure 3.4). In terms of problem-solving effort, MC is one of
the most difficult of the eleven GPS tasks, whereas MK is one of the easiest; TH Is
intermediate, but its solution is done by GPS and GPSR with no mistakes in move choices.

D.2. The external representation of tasks for GPSR

APs for typical task Ps are given in Figure 0.2.

2 01: initialize; I P 7.
Q[: init-signal -> gpsr-init & file-object(INITIAL:OBJECT and DESIRED:OBJECT)

& file-goal & eval-goal & create-to-goal & INITIAL:OBJECT
& DESIRED:OBJECT & TABLE:CONN & DIFF:ORDER & match-restriction's
& ver-domain's & move-op-compon's;

2 QA's: apply operators; I P per operator %
QA's: apply-op & teas-IsIL & pre-tests-2k & aost-tests-ok & transformations-feasible

-> copy-object & apply-transformation's & apply-result;

I QO's: operator differences; I P per type of difference %
QD's: apply-op & fe-asE & test-bad -> file-loc-prog & opr-diffr-setup & location-link's;

% QE's: collect results of naming operator differences; 2 Ps %
QEe: opr-diffr-setup & loc-prog-name & location-link's(some other diffr)

-> file-loc-prog & opr-diffr;
QEb: opr-diffr-setup & loc-prog-name & not location-link's -> opr-diffr;

2 QF's: generate feasible assignments; I P per type of assignment 2
QFs: gen-feas-asg & var-domain's & desired-!-> feas-Ias

where opr a operator, diffr m difference, feas-asg a feasible assignment.

Figurt D.2 APs for task-specific information

The task Ps are grouped into five types: Q0 does initialization, the QA's apply operators,
the QD's extract operator differences, the QE's collect the results of operator difference
filing (naming), and the QF's generate feasible assignments given desired assignments. The
Q P initializes by setting up the main goal, defining task objects, and describing the move
operators in a form usable by the desirable-assignment selection process (see M3Oc,
Figure C.4); Qi is evoked by an initialization signal typed externally by the user to begin
the run. It evokes the executive initialization P and starts the solution process, with
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signals used by EOa and EOb (see Figure C.2). The QA's apply task operators In response
to "apply-op" from the Try-Apply submethod (M40a in Figure C.4), using feasible
assignments generated by the QF's.

Operator differences are produced by the QD's, responding to the same signals as
the QA's; there is usually one QD to recognize each type of operator difference possible,
based on failure of individual tests that are necessary for operator application. Since
many operator differences may be generated at once, the QE's are necessary to collect
them and to make sure that all of them have been processed (their differences are filed
and named) before passing control back to the Try-Apply submethod via the "opr-diffr"
signal. The QF's respond to the "gen-feas-asg" signal from M30c and l50b in the Reduce
and Move-operator methods (Figure C.4). The feasible assignment is generated using task-
specific variable-domain information, and control simply falls back to the evoking process.
The following subsections will go into more detail on how the objects, operator
information, tests, and variable-domain information are expressed in particular tasks.

D.3. The kocnkey task

The Monkey task (WK) has already been introduced in Section C.I. Two variants of
MK were tried, one with the original Ernst and Newell table of connections, and a second
with a more restricted one. The Ps for MK are at the beginning of Appendix B. Traces of
the behavior for the two versions are in Appendix E and Appendix F.

The Ps for MK are the simplest of the Ps for the tasks. QI is the Initialization P, of
which representative extracts appear in Figure 0.3.

The initial object
& OBJECT(INITIAL OBJECT,'(MONKEV PLACE PLACE I BOX:PLACE PLACE2))

where OBJECT is a PSMACPO that converts its second argument info a set of LINKS, HASVAL.
and HASTOPNODE conjunct,

The table of connictions (nre restricied variant);
& OBJECTCTABLE CONN,'(MONKEY.PLACE OP'SET I MONKEYHAND GET BANANAS BOX:PLACE MOVE:UBOX))
& ISSETCOP SET!) & INSETCCLIMB,'OP SET) & INSETCMOVEBDX,'OP:SETI) & INSETCWALK,'OP:SETI)

Ovdering the differences!
& OBJECTCDIFF ORDER,'(MONKEY PLACE I MONKEY:HANO 3 BOX PLACE 2))

Variable domins, used in constructing assinmensls
& VAR OOMAINCMOVE TO,'PLACE 1) & VAR DOMAIN7MOVETO,PLACE2)
& VAR DOMAIN('MOVE TO,'UNDER BANANAS)

Operator components, used by the dopstabloy selection process:
• HASMOVE COMPON(CMOVE BOX,'MB i,'ARB,'ARB) & HASVARCMB l.'MOVE:TO)

Figure 0.3 Extracts from the RHS of Q1 of the MK task Ps

The desired object is a described object, not given explicitly (to do so would be to give
away the solution), but encoded as P QK, which recognizes and emits the critical difference
between a given object and the desired solution; the critical difference is the absence of
bananas in the monkey's hand. Two different tables of connections (TABLE:CONN) are
Liven in QI, one for each variant; the one selected depends on the positioning of the
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comment characters. Bloth of them make connection to named sets of operators, which ore
defined after the tables. After that, the DIFF.ORDER object and Information on the
components and variables of the move-operators is given.

To illustrate the representation of operator pro-tests, consider P QAM, the one to
* apply the operator MOVE:BOX (Figure D.4).

* Respond to APPLY:OP signal with the appropriate argument:
QAM; "APPLY MOVE:BOX^ : APPLYOPOPA,06.1) & SATISFIES(OPOP EQ 'MOVE:BOX)

Bind ssignment:
&ASSIGNS(AMTO,LOC)

Got th. value of the monkey's location:
& HASTOPNODE(OBJ,NI) & LINKS(LI,NI,N2) & SATISFIES(L1,Li EQ *MONKEV:PLACE) & IASVAL(N2,Vl)

Check that the value of the bow's location is the eare, bound to V11
& LINKS(L2,NI,N3) & SATISFIES(L2,L2 EQ 'BOX:PLACE) & HASVAL(N3,VI)

Check that it's not already there and establish trace indent value:
& VNEQ(V1,LOC) & TRACE INOCK

Create now object token nnd print trace message:
.)I EXISTS(O) & TRACING(TRACEPRINTM(.'APPLV,OP,'TO,OBJGET,0.,cMTO,LOC>,K)t

Signel that the object as to be copied:
& COPY1 OBJ(0,OBJ1)

Set up the date for the COPY LINK operation, which changes voas ot Iwo locations;
&COPV:LINK(O, I,L 1 ,LOC) & COPV LINK(O,2,12,LOC)

Report results, and or*@* the apply signal and the assignment:,
&APPLY RESULT(OP,O) & NEGATE(I,3);

The operator difference P. QOM, as similar except:
Bind the assignment:

& ASSIGNS(AXI,X2)
Check that the box's location is different:

& I4ASVAL(N3.V2) & VNEO(VI,V2)
Check that the bose isn't already at the desired location:

A VNEQ(X2,V2)
Create a drf f rencs toklen, f ils the dif ference, and aet up to report the result:

.30 EXITS(D) & FILE LOC PROG(D) & APPLY DIFFR SETUP(DOP,V 1,V2)
£ IASI.INK(D.L1,O) & NEGATE(I,3);

Figure 0.4 Extracts of operator application and operator difference Pg

MOVE:BOX has a variable MOVE:TO that gives the target location of the move. The pre-
test for MOVE:BOX requires that both monkey and box be at the same place, a place not
equal to the target location. Thus the test consists of finding the two locations and testing
that they're the same, but distinct from the target; the fourth to the eleventh conjuncts in
the LHS of QAM do just that, following links in the object from its top node to the terminal
values, the identity being tested by simple match-variable identity (VI). In QOM, which
generates an operator difference for MQVE:BOX, the corresponding test is for inequality of
the two values, but otherwise the mechanics of the test are the same as in QA

The trace for MK given in Appendix E is accompanied by more detail than is given
for any of the other traces: it includes the trace of P firings and a control flow summary
that was generated from the P-firing trace. The P-firing trace is paragraphed, with breaks
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occurring at places where a main goal trace line is printed in the ordinary trace (such a
line starts with a series of dots). With this, the reader should be able to follow in great
detail the workings of the program, at selected points in the trace. Each P firing as traced
consists of a P name followed by "-", followed by that firing's ordinal number. The control
flow summary is a graphic display of how control passes from one group of Ps to another;
the groups are determined by P names' first letter. In addition, there is an indication of
how many firings there were in a group before control changed to another group.

The behavior exhibited on MK with the original table of connections is interesting
and useful for illustrative purposes, but is pathological for reasons explained below. The
monkey walks to the box, climbs onto it, climbs down, climbs again, and finds itself in a
repeated situation (G- 11); going back to its starting place, it walks to the place under the
bananas, finds that doesn't work, walks to the box, pushes it under the bananas, climbs,

and gets the bananas. One interesting thing about the task formulation is brought out:

it serves the same function. The behavior is interesting because it illustrates some failure
and backup. Its lack of direction is due to defects in the desirability selection process,
whose task is to construct a partial assignment potentially suitable for reducing a
difference.

The process of constructing an assignment is in three stages: selecting relevant
operators based on the table of connections, constructing adesired (partial) assignment
based on knowledge of the move operators, and constructing a feasible assignment from
that, using information on allowable variable domains and restrictions. In this task, the
move operators contain COPY:LNK operations, which simply change the vafie at some
location in an object. The second stage makes use of operation-specific information, and in
the case of MK, it was extended to take the COPY:LINK operations into account. That
extension turned out to be inadequate, but it wasn't discovered to be so because of
incorrect error diagnosis. The problem of the aimless behavior described above was
diagnosed as resting in the first, relevant -operator selection, stage (it was thought that
GPS simply had a lucky order in the way it picked operators) so that a more restrictive
TABLE:CONN was constructed; the observed behavior then corresponded to the solution
exhibited by Ernst and Newell (see the trace of the second version, Appendix F). The
code for COPY:L INK operations is not selective enough because it doesn't take into account
all the available (or potentially available) location information; for instance, CLIMB was
selected in G-2 as desirable because no check was made to find the MONKEY:RAND location
of the difference.

How the desirability selection would need to be changed to treat this task more
intelligently involves two correclions: making the task specification slightly more
infrmative~ which can be done quite easily in the present framework; and reorganizinit the
process to react more smoothly to an abortive attempt to construct a partial assignment,
and to be able to better detect when a partial assignment that has been built is as
complete as possible within given information. These two corrections are sketched below,
but have not been made for the present report because the correct diagnosis was slow in
emerging, and because it is not sufficiently important to justify the effort involved (all
tasks use parts of the process that would be affected). Also, the negative effects of the
deficiency are local to the MK task.
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The desirability selection process was not described in detail in Ernst and Nowell, so
that the approach for GPSR was to build it up to a level adequate for each task as it was
tried, and to delay a more general treatment until it was found to be necessary. The
mistake in developing the desirability selection process piecemeal as tasks were added to
GPS~rs repertoire was that f or each task the tendency was to consider that everything

* done by the desirability selection process was evident in the result, namely that it only
used information indicated explicitly in the desirable assignments to operator variables.
This strategy is correct for TH because assigning variables is all that's necessary. It is not
quite enough for KC, and in fact a patch was made to correct the deficiency there (the
addition of H-ASVAR:LJNK to associate a location link with the value assigned to a variable).
The necessity of this patch was not transferred to MK, which is slightly worse because
some operators have no variables at all. Instead, as described above, the fault was
deemed to lie in TABLE:CONN, and fixing that made the behavior adequate.

It is now apparent that desirability selection must use full information about the
locations of the effects of a move operator. The process is given the loc-prog of a
difference and the desired change at that location. It must match this to a move operator
component, which must specify the location of the change brought about by that
component of the operator and the nature of the change that it brings about. The change
is expressed symbolically as a pair of values: in MC, (LOW, HIGH) is used to indicate a
numeric increase; in TH, (UNOEF, YES) is used to indicate moving a YES from one place to
another; and in MK, (ARB, ARB) is used to indicate (vaguely) a change from one value to
another (perhaps ARB, in retrospect, should be replaced by the name of a variable domain
or some other set). The meanings of these symbols are built into the desirability selection
process; for instance, it knows how to match a difference pair (3, 1) to the move-operator
component (HIGH, LOW). The process first matches a move-operator component's change
pair with the difference pair, and then matches the respective location descriptions. The
location of the difference is given as a constant link path, but the move-operator
component's location is in general a path some of whose links are variables with specified
domains. When a variable matches to a constant, the process constructs a pair that goes
Into the desired assignment that is the process's output. The change necessary in the
present implementation is that the move-operator component location must be specified
and matched in its entirety, including all constant links, some of which are not presently
used. This change is sufficient in general, and in particular will remedy the MK problem
and include as a special case the solution that was used for MC.

The matching should be set up so that a failure to match completely is noted,
resulting in an orderly abandonment of the process. In addition, given the general
capabilities of the match, it might be useful to rate a desirable assignment according to
goodness of fit and specificity of the effect to the change expressed by the difference (for
instance (UNOEF, YES) is more specific than (ARB, ARB)); such a rating would perhaps allow
some discrimination among a set of alternative operators or desired assignments.

0.4 The Tower of Hanoi task

The Tower of Hanoi task (TN) has been described in Section A, Figure A.1. Ps for
the task and the trace of GPSR solving it follow those for MK( in Appendix B and Appendix
F. The task Ps have several features of note. The P that applies the MOVE:DISK operator,
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OA, contains two nested conjunctions (form: NOT( EXISTS ... that perform in one
sequence of tests the pretests for rule legality; the first tests that no smaller disk is on
top of the disk that is to be moved, while the second tests that no smaller disk Is on the
peg onto which the disk is to be moved (see Figure D.5).

CA1 "APPLY MOVE:OISK" .:APPLY:OP(OP,ASG.O8J) & SATISFIES(OP.DP EO 'MOVE:DISC)
Establiish variable brwtmga:

& ASSIGNS(ASG,TP,TPV) & SATISFJES(TP.TP EQ 'To-PEG)
& ASSIGNS(ASG,FP.FPV) & SATISFIES(FP,FP EQ 'FROM PEG)
& ASSIGNS(ASG.HP,HPV) & SA7ISFIES(HP,HP EQ 'OTHER PEG)
& ASSIGNS(ASG,D.DV) & SATISFIES(O,O EQ 'DISK)

Test that the dick to be moved in at the FROM PEG.
A I4ASTOPNOOE(OBJ,NI) & LINKS(FPV,N1,FNI) & LINKS(OV,Ff4I,FN2)
& HASVAL(FN2,FV) & SATISFIES(FV,FV EQ IVES)

Test that no smaller disks are on top of the disk toa be moved:
&NOT( EXISTS(DI,N2,N3,N3V) & LINKS(FPV,N1,N2) & LINKS(D1,N2,N3) & SMALLER(DI,DV)

& HASVAL(N3IN3V) & SATISFIES(N3V,N3V EQ 'YES)
And teat that no smeller disks are at the target peg

A, NOT( EXISTSDIN2.N3INWv) & LINKS (TPV,N I,N2) A, LINKS(DI,N2,N43) A, SMALLER(DI,DV)
& HASVAL(N3,N3V) & SATISFIES(N3V,N3V EQ 'YES))

Figure 0.5 Pre-tests for the MOVE:DISK operator in TH

Note that the size of disks is determined by explicit Working Memory items that give the
binary "smaller" relation between all disks (see QI). The P that generates operator
differences, QD, incorporates the trick used in GPS, namely that an operator is inapplicable
If all the disks smaller than the one to be moved are not on the other peg, the peg that is
neither the FROM:PEG nor the TO:PEG So 00 tests the other peg, and for every smaller
disk that isn't there, it emits an operator difference. Tests for all the smaller disks are
done in one match, and the P fires "simultaneously" for all the differences found. QE and
QE2 ensure that all the operator differences found are filed and named before passing
control back to the Try-Apply submethod; QE tests that all are finished, and QE2 reasserts
signals to the filing process that have not been processed. The feasible assignment
generator, QF, is also set up to fire more than once, simultaneously generating a set of
combinations of feasible variable assignments (Figure D.6).

QF; "FEASIBLE ASG GEN" FEASASG(OPOA.G) & SATISF[ES(OP,OP EQ 'MOVE DISK)
establish ossrgnmertes made by desirabilty itlction

& ASSIGNS D(OAVAR,VALU & SAT 1SF IES(VAP,VAR EQ 'DISK)
A ASSIGNS D(OAVAR2,VAL2) & SATISFIES(VAR2,VAR2 EQ 'TO PEG)

lot the unassigned part of tho peg set anid PippIV eacluctons.
& ISPEG(VAL3) & ISPEG(VAL4) & VNEQ(VAL2,VAL3) & VNEQ(VAL2,VAL4) & VNEQ(VAL.3iVAL.4)

assert Ike conafrutod anc-triiente. one per successful match
.EXISTS(A) & HASNEWFEAS(G,OPAkDAO) & ASSIGNS(A.VAR,VAL) &ASSIGNS (AVAR2,VAL 2)

&ASSIGNS(A.'FPDM PEG,VAL3) & ASSIGNSfA.,DTHER PEG,VAL4) &NEGATE(]),

Figure D.6 Generation of feasible assignments in TM

IV-41 D.4



D.4 Tasks Given to GPSR GPSR

It starts out with two operator variables (DISK and TO:PEG) already assigned by the
desirability selection process. Using the set of pegs, ISPEG, it then arbitrarily selects
values to be assigned to the other operator variables (FROM:PEG and OTHER:PEG) and
finally forces the selections to be non-overlapping, with distinct values assigned to each
operator variable.

The behavior of GPSR on this task is remarkable in that no mistakes are made. This
is due to the trick mentioned above of looking at the "other" peg to extract operator
differences. For instance, in Figure D.7, the goal is to move DISK4 to PEG3 (cf. G-18).

1 2 3
I I I
I I I

Figure D.7 Sample Tower of Hanoi situation

One approach would be to generate the operator difference that DISKI should not be on
PEG1; this would result in two alternatives to be tried in the search, since PEGI can legally
be moved either to PEG2 or PEG3 - doing the latter is definitely a mistake and cannot lead
to a solution unless it is undone. The actual approach taken is to look at the other peg
and note that DISKI has to be there in order for the move to take place. This also results
in two alternative attempted assignments, moving DISKI to PEG2 from either PEGI or
PEG3, but the latter is easily rejected as not immediately applicable. By using the other-
peg trick, GPS and GPSR avoid any backing up in the search.

D.5. The Missionaries and Cannibals task

The Missionaries and Cannibals problem (MC) consists of moving three missionaries
and three cannibals across a river with a boat that will hold at most two people. The
reason why this is a puzzle is that it must be done without allowing cannibals to
outnumber missionaries on either bank of the river, for in this case the missionaries would
be in grave danger (it is all right to have no missionaries). States in the problem are
represented by objects that give the number of missionaries and the number of cannibals
on each side of the river, plus the location of the boat. The GPSR task Ps and behavior
traces are given after those for TH, in Appendix B and Appendix F. The task Ps for MC
are given in two versions, which we'll refer to as MCO and MCI when it's necessary to
distinguish. The basic structure of the two variants is the same, but they vary in the kinds
of operator differences produced. This will be discussed further below.

An important feature of the GPSR representation of MC is how operator Post-tests
are implemented. In GPS, post-tests were a set of tests to be executed after the
application of an operator, to ensure legality of the object. For MC, GPS had pre-tests to
see that everything was legal on the from-side of the river before moving the boat across,
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and It used post-tests to check legality of the to-side situation after making the move.
Because of this structure, no operator differences were extracted as a result of failure of
post-tests; the operator failed unconditionally. The GPSR formulation simply does away
with post-tests by transforming algebraically the subjects of the post-tests into their
corresponding pre-move values, thus allowing post-tests to be expressed as pre-tests
(see Figure 0.8).

Firt, QA eostablsahee the following variable bindinge:
M - the nurrber of missionaries to be moved,
C t the number of cannibals to be moved,
NFM and NFC - the numbers of missionaries and cannibal on the from-side;
NTM and NTC - the numbers of mussonaries and cannibils on the to-stide.

Then QA teaots that after the movre, the from-mide nunbers are it right-
& NOT( SATISFIES2(NFM,M,NFM NEQ M) & SATISF[ES3(NFM,M,NFC,NFM - M '.LESS NFC - C))

And it tests the some for the to-aide:
& NOT( SATISFIES2(NTM,M,O NEQ NTM # M) & SATISFIES3(NTMM,NTC,NTM # M ?.LESS NTC * C))

Figure D.8 Transformed post-tests for MC

Because of the simplicity of the operations that are in general available for use by move
operators, this kind of inversion is always possible. Doing so allows operator differences
to be obtained for the tests that were post-tests; obtaining differences from post-tests as
GPS formulated them was not possible because such differences would be expressed in
terms of a derived object rather than in terms of the object to which the operator was
applied. The inversion of post-tests also implies that the difference produced when a
"post-test" fails must also be inverted so that it is expressed in terms of the given object
(see the RHSs of the QD's for details). Using inverted post-tests turned out to have an
unexpected benefit: the necessity to retry transform goals (GPS's Expended-Transform
method), which was used by GPS in the MC task and in one other task, is no longer
necessary for the MC task. An example of how this worked out will be pointed out when
the behavior of GPSR on MC is discussed below. It is not evident that this kind of result
holds more generally, and at present no way has been seen to attempt a formal proof.

GPSR's MC has a few other advantages over the GPS version. In the Ps that
generate feasible assignments it was quite simple to add an ordering heuristic, to allow
GPSR to pursue more sensible feasible assignments before less sensible ones. A more
sensible assignment is one that moves two people across the river from the left bank to
the right, which is the same direction as the overall goal, and that moves only one person
on the return trip, from right to left; the less sensible ones do just the opposite. Notice
that MC is challenging because it requires at one critical point a less sensible move. This
heuristic was implemented by interposing a set of Ps to evaluate assignments (QF3 and
QF4) between the assignment-generation Ps (QF and QF2) and the Ps that use the
generated assignments (in the Try-Apply submelhod). The ability to do this derives from
the expression of the task as a PS program rather than as a passive data structure.
Although it seems that such an idea would improve GPSR's performance to a large extent,
the actual results are only a slight improvement, due to GPSR's tendency to go through a
rather exhaustive search for this task.
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Another place where GPSR has some advantages over GPS on the MC task is In the
area of numeric differences and difficulties. The differences found by GPS (judging from
Its behavior traces) were simply to reduce, say, the number of cannibals on the left bank,
whereas GPSR expresses it more precisely as reducing the number of cannibals from 3 to
0. This allows desired assignments generated by GPSR to assign values to variables In a
way more precisely suited to the demands of a particular goal. At the same time GPSR'$
desirable assignments can be expressed as sets of values for some variable rather than a
one-one value-variable correspondence. For instance, a desirable assignment might set
the number of missionaries moved to be either one or two. This multiple value resulted in
a natural way be allowing all possible matches in a desirability selection P to fire
simultaneously; it is no problem for the feasible-assignment generator to use that kind of
input for the same reason: it simply has more combinations to be matched and to allow to
be simultaneously emitted. The result is a larger set of feasible assignments, but It
contains all of the possibilities that might be relevant; this was obtained at no extra cost in
terms of program code, since all the set maintenance is done automatically by the Psnlst
Working Memory and P examination stack, :SMPX. Finally, the more precise expression of
differences allows the difference evaluation process to produce a more refined difficulty
measure for instance, reduction of a value from 3 to 0 is harder than a reduction from 2
to O.

The difference between the task Ps for the MCO and MCI variants lies entirely in
the way operator differences are extracted. In MCO the operator differencing is set up in
such a way that differences involving having the boat on the wrong side of the river to
perform a desired move are found first (by P QDB), and other differences such as number
of cannibals too high are found only if the boat is right. This variant was the first one
tried, historically, because it corresponded with all the behavior visible in GPS's trace; that
is, It seemed to be the case always that the boat differencs would have to be reduced
before other differences would be considered. But on reflection, the realization came that
In fact since the numeric differences were considered to be harder to reduce (as
established by DIFF:ORDER), it is incorrect to allow the boat difference to mask others.
When GPS in general encounters a set of differences, it always attacks the hardest one
first, since if that fails it is pointless to have wasted effort reducing an easy difference.
As it turned out, this feature made some difference in the amount of progress GPSR could
make in various experiments with MC. We w see below how this worked out, but at
present we will point out some interesting points with respect to MCO behavior, which
compares more favorably with GPS's behavior than does the MCI variant.

The first MC behavior exhibited (Appendix F) shows a successful run, in which GPSR
solves MC (version MCO) correctly. In terms of number of goals, GPSR expends somewhat
more effort than does GPS; GPSR has 69 goals where GPS had 57. But GPSR and GPS
have some differences in what counts as a goal: in GPS, goals that are repetitions of past
goals don't appear in the trace and are not counted whereas in GPSR, they do appear, as
they are sprouted, so that the recognition and backup is more visible (this would decrease
GPSR's count relative to GPS); on the other hand, direct applications of operators in GPSR
(by the Try-Apply submethod) are not counted as goals, whereas in GPS they were apply
goals that were generatedand that immediately succeeded.

On the whole GPSR and GPS seem to approach the task In similar ways, and
differences in their behavior is due mostly to the differences in the ways arbitrary choices
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are made. But It must be pointed out that the GPS trace doesn't show two of the common
types of behavior in the GPSR trace: GPS doesn't show any of the retrying of goals during
the backup on failure; GPS doesn't show any instances of the Try-Old-Goals method. The
GPS problem-solving executive was described as selecting the supergoal of a failed goal,
end trying and exhausting other alternatives on that supergoal before backing up further;
GPSR follows this with the resulting visible behavior, but corresponding behavior is not
evident in GPS's traces. An example of this is the retry of G-36 after the failure of G-43;
GPSR prints "RETRYING OLD" when a retry is due to selection by Try-Old-Goals in the
executive. With respect to the lack in GPS of evidence of the Try-Old-Goals method, GPS's
behavior is much more driven by the "New-Obj" selection, which chooses some newly-
derived object as the subject of a transform goal rather than evoking the Try-Old-Goals
method. GPSR also uses that kind of selection, but it uses it less often, simply because it
doesn't generate new objects as rapidly as GPS did. On detailed comparison of behavior
traces, it appears that GPS makes faster progress because it has less to work with: less
refined difficulties and no differences from post-tests. This agrees with the general
principle that too much information can be detrimental to a weak problem-solver. Some of
the features that were introduced above as advantages have perhaps degraded behavior
slightly because the problem-solver is not powerful enough to use the new material to
advantage. We will see below some places where the means-ends methods can use extra
supporting mechanisms.

There are three interesting features of GPSR's behavior on MCO (the third segment
of Appendix F) that are worth pointing out. The first js that retrying transform goals is no
longer essential for solution of the problem; this is evident in the behavior starting at goal
G-36, Figure D.9.

SELECT BY NEWOBJ, 0-13
SG-35 : TRANSFORM 0-13 TO DESIRED OBJECT (FROM G-1)
0-13 (LEFT (BOAT YES CAN 2 MIS 2) RIGHT (CAN I MIS 1))
-. -36 : REDUCE 2 TO 0 AT (LEFT CAN) OF 0-13 (DIFFIC 202) (FROM ,-35)

APPLY CROSS RIVER TO 0-13 GET 0-1e (FROM LEFT TO RIGHT NMIS I NCAN 1)
0-1a IS THE SAME AS 0-12

RETRYING G-36
... G-50 : APPLY CROSS RIVER TO 0-13 (OIFFIC 202) (FROM G-36)

ASSIGNS FROM .- LEFT , NCAN .- I , NCAN . 2
0-13 (LEFT (BOAT YES CAN 2 MIS 2) RIGHT (CAN I MIS ))

.... G-S : REDUCE 2 TO 0 AT (LEFT MIS) OF 0-13 (DIFFIC 202) (FROM G-50)
APPLY CROSS RIVER TO 0-13 GET 0-22 (FROM LEFT TO RIGHT NMIS 2 NCAN 0)
G-51 SUCCEEDS

G 0-52 - APPLY CROSS RIVER TO 0-22 (DIFFIC 202) (FROM G-50 AND G-51)
ASSIGNS FROM .- LEFT, NCAN . I , NCAN .. 2
0-22 (LEFT (CAN 2 MIS 0) RIGHT (BOAT YES CAN I MIS 3))

Figure D.9 GPSR doesn't need to retry transform goals for MC
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This Is a goal to reduce the number of cannibals on the left bankl it comes from a
transform goal (G-35), and retrying the transform goal would ordinarily be thought
necessary to try to reduce the number of missionaries instead. In the particular situation
at G-35, it is in fact necessary to try the latter reduction, since the former cannot lead to
the solution. GPSR's initial attempts on G-36 are abortive, but a little more than a column
after the first try, G-36 is retried, and the subordinate goal G-51 is to reduce the number
of missionaries, as required for solution. G-51 comes about as the result of an operator
difference from an inverted post-test; GPSR tries to move one or two cannibals across the
river to find that this results in too many cannibals there, so the subgoal to increase the
number of missionaries on the right side (equivalently reduce the number on the left) is
created as G-51. G-36 and G-51 are two alternatives that would be obtained by trying or
retrying G-35, but here the latter was developed in the subgoal structure of the former.

The second feature of GPSR's behavior is that it must return to retry a goal that at
its first occurrence looked too difficult to work on. The goal in question is G-14,
generated first in the first column of the trace in the third segment of Appendix F, which
is excerpted in Figure D.10.

(0-8 t TRANSFORM 0-3 TO DESIREDOBJECT (FROM G-3 AND G-4)
0-3 (LEFT (CAN 2 MIS 2) RIGHT (BOAT YES CAN I MIS 1))
(.. 0-, REDUCE 2 TO 0 AT (LEFT CAN) OF 0-3 (DIFFIC 202) (FROM C-8)

G-9 SUCCEEDS
... 0-13 TRANSFORM 0-5 TO DESIREDOBJECT (FROM G-8 AND G-9)

0-5 (LEFT (CAN 0 MIS 3) RIGHT (BOAT YES CAN 3 MIS 0))
.... -14; REDUCE 3 TO 0 AT (LEFT MIS) OF 0-5 (DIFFIC 203) (FROM G-13)

NO PROGRESS, G-14 FAILED

RETRYING OLD G-14
..... 0-23: APPLY CROSS RIVER TO 0-5 (DIFFIC 105) (FROM G-14)

ASSIGNS FROM . LEFT , NMIS e. I, NMIS e. 2

G-23 SUCCEEDS
0-14 SUCCEEDS

.... 0-26 : TRANSFORM 0-12 TO DESIREDOBJECT (FROM G-13 AND G-14)
0-12 (LEFT (CAN I MIS 1) RIGHT (BOAT YES CAN 2 MIS 2))

Figure 0.10 GPSR retries a no-progress goal

When it is generated, its difficulty is higher than that of its supergoal, so preceeding on it
violates GPS's principle of working from the difficult to the not-so-difficult. GPSR
abandons it to work first on some easier goals whose alternatives are not exhausted, but
about a column later in the trace, it returns to retry G-14, and this leads to substantial
progress. This feature surprised me when it occurred because the static goal-subgoal
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structure violates the keep-progressing principle, although dynamically GPSR's behavior
does not.

The third feature involves an instance where the basic means-ends strategy as
Implemented in GPSR appears fatally inflexibleo. The critical segment of behavior starts at
G-26 in the trace, and runs through G-30, Figure 0.1 1.

.... G-20 : TRANSFORM 0-12 TO DESIRED OBJECT (FROM G-13 AND G-14)
0-12 (LEFT (CAN I MIS 1) RIGHT (BOAT YES CAN 2 MIS 2))

.G-27 : REDUCE I TO 0 AT (LEFT CAN) OF 0-12 (OIFFIC 201) (FROM G-26)
...... .-21 : APPLY CROSS RIVER TO 0-12 (DIFFIC 105) (FROM G-27)

ASSIGNS FROM e- LEFT , NCAN 4- 1
....... G-29 : REDUCE UNDEF TO YES AT (LEFT BOAT) OF 0-12 (DIFFIC 105) (FROM G-28)

APPLY CROSS RIVER TO 0-12 GET 0-13 (FROM RIGHT TO LEFT NMIS I NCAN I)
G-29 SUCCEEDS

....... G-30 : APPLY CROSS RIVER TO 0-13 (DIFFIC 105) (FROM G-28 AND 4-29)
ASSIGNS FROM - LEFT , NCAN G- I
0-13 (LEFT (BOAT YES CAN 2 MIS 2) RIGHT (CAN I MIS 1))

Figure 0.11 GPSR carries over desired assignments inappropriately

GPSR sets up an apply goal with a desired assignment to move one cannibal from the left.
To do this, it first reduces the operator difference of the wrong boat location, and in doing
so adds a cannibal. The supergoal's desired assignment is carried over to the result of
that reduction, according to normal operating procedure, but now it is no longer
appropriate since a cannibal has been added. It turns out that the object that resulted
from the intervening reduce goal is on the critical path to the solution, failing to treat it
appropriately in this case is a fatal mistake because the context is such that that object is
never again generated or examined. Fortunately, GPSR has the New-Obj selection
criterion, by which derived unexamined objects are used in new transform goals. This
method is not part of the pure means-ends strategy, but in this case it saves it from
failure by proceeding with that intermediate result. It was surprising to discover such a
fundamental weakness in the basic GPS methods; GPS's way around this difficulty was not
originally presented as a patch to add completeness to means-ends.

The MCI version differs from MCO in having more flexible operator difference
capabilities. QD Ps are the only case where it is necessary to generate several operator
differences using more than one P, so it is necessary to add some control to ensure
proper sequencing. (In MK, only a single difference is ever detected, and in TH, all the
differences are generated simultaneously by a single P.) There are separate Ps to detect
operator differences from a wrong boat location (QDB), from conditions at the from-side
(QDFI, QDF2), and from conditions at the to-side (QDTI, QDT2). QDZ detects the
completion of trying to apply the operator, where each QD re-asserts the apply signal to
make sure other difference Ps get a chance. The QD's correspond roughly to the Ps of
MCO, except that in ,CO, QDF's and QDT's conditions included checks on the boat's
location, so that boat differences would mask the others.

0 GPS has similar properties. See goals 6-9 on page 132 of Ernst and Newell, and goals
18-21 on page 187.
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A trace of the behavior of version MCI is given after the one for k=O discussed
above, in Appendix F. This trace shows GPSR without the New-Obj selection criterion.
GPSR fails to find the solution, due to features already discussed. This behavior is
presented to demonstrate what results from the more refined operator-differencing Ps.
The basic difference between MCI and MCO (whose behavior with these options is not
shown) comes in the section of the trace between G-38 and G-61: one object, 0-23, Is
obtained in the solution that isn't obtained by the MC0 version. However, this doesn't help
it to get to the solution, because of the desirable assignment inflexibility; further, it Inturs
a large cost: 67 goals are generated, versus 38 in the corresponding CO version. The
difference that is the subject of G-38 is the result of the revised Ps; it produces 0-23
while retrying G-43, just before G-46 in the trace.

Finally with respect to MC, GPSR fails to solve the task without New-Obj even when
the option is enabled that allows transform goals to be retried (that trace is not included).
Three objects are not actual objects in transform goals, and one is the critical object
necessary for solution, so that it is clear that New-Obj is required for GPSR as it stands.
The goal-subgoal contexts in which those objects are generated is such that no further
progress is possible. Furthermore, GPSR makes less progress than without the retry-
transform option because the goal-subgoal structure is such that some of the branches in
the search are blocked by repeated goals, that is, goals that are repeated because the
option generated them where they weren't generated before; the "repeated' goals are not
really repeated in the sense that they occur in different goal-subgoal contexts from the
previous instances.

To summarize the results of doing the MC task, extracting operator differences from
inverted post-tests removes the necessity for retrying transform goals. GPSR puts forth
somewhat more effort in solving the MC task than did GPS, because of the extra
information and refinement that GPSR has from its operator differences and difference
evaluation. GPSR's behavior exhibits a basic inflexibility in the means-ends analysis
structure that forces the inclusion of the New-Obj selection principle; this inflexibility is in
passing desired assignments from a goal to its descendent. It is necessary to violate
statically the principle of proceeding from the more difficult to the less difficult, at least
with respect to GPSR's difficulty measures and difficulty propagation rules. A slight
improvement in GPSR's achievements results from expanding the operator differences
produced, but the cost is high in terms of extra goals generated. Various blocks to
progress occur due to repetition of a single goal in different contexts, especially contexts
where progress towards the solution might occur. Most importantly, the basic means-ends
analysis strategy, with transform goals retryable, is incomplete, in the sense of being
unable to reach a solution.

Further research to find the underlying easons for the above faults, and to try
variations in the organization of the problem-solving executive and methods are beyond
the scope of the present work. Important features of PSs have been brought out
regardless of problems with GPS itself. The MC task was solved using the mechanisms
GPS used; the investigation of the defects exposed by GPSR is beyond that basic
objective.
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D.6.- A comparison of task specification in GPS and GPSR

A task specification for GPS consisted of a list of list-structured elements with
enough information for GPS to construct an adequate internal representation of a task. it
started with several meta-components that influenced the interpretation of further
components. Then came descriptions of the problem to be solved (the top goal),
definitions of entities used in other components, and definitions of operators, of the table
of connections, etc. The following table summarizes the differences between the external
representation of tasks for GPS and GPSR.

PsgpR

RENAME Unused and unnecessary; GPSR has fewer internal naming
conventions to be adhered to, and those are not subject to
change.

SKIP-WORDS Inapplicable.
DECLARE No types, so unnecessary (no distinction between types of

links in object representation; also no need to give types for
FEATURES, SETS, etc.).

TOP-GOAL List of instkices in the RHS of QI; described objects are
encoded as Ps (QK in MK).

FEATURES Conversion and definition is automatically done by GPSR for
loc-progs; other definition of structures is unnecessary.

SETS Lists of instances in RHS of QI (Working Meimory is a set).
EXPRES Expressions encoded directly in Ps.
TESTS Encoded directly in Ps (QA's, QD's); no separate definition.
TRANSFORMATIONS Evoked by name by instances in RHSs of QA's; feasibility must

be checked in LHSs of QA's.
MOVE-OPERATORS

type of operator Instances in RHS of QI (ISMOVEOP).
VAR-DOMAIN Sets of instances (VAR:DOMAIN) in RHS of Q1 plus tests on

those in the feasible assignment generators, Qrs.
PRETESTS Tests in LHSs of QA's and QD's.
POST-TESTS Tests in LHSs of QA's and QD's.
MOVES Evocations of transformations in RHSs of QA's plus

HASMOVE:COMPON instances from RHS of QI.
DESCRIBED-OBJS Encoded directly in Ps that respond to MATCHDIFF signal.
OBJECT-SCHEMA A list structure that is converted to the Working Memory

representation of LINKS and HASVAL's by the OBJECT
PSMacro.

DIFF-ORDERING The DIFF.ORDER object, asserted by QI.
TABLE-OF-CONNECTIONS The TABLE:CONN object, asserted by Q1.
COMPARE-OBJECTS Instances in RHS of QI that are used to restrict the Match-Diff

submethod (MATCH:RESTR); otherwise full object comparisons
are assumed.

Thus, GPSR uses the same basic set of task-specific components as GPS, except for
the first three above. The components' organization is of course quite different, with
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major departures in the representation of move operators. Move operators are encoded
as Working Memory instances asserted by Q1, for the desirability selection process, as Ps
to generate feasible assignments given a desired assignment, as Ps to apply operators, and
as Ps to produce operator differences. The rest of this subsection will review in detail
some aspects of the encoding of move operators as Ps, with occasional references to other
major differences.

A move operator consists of a sequence of tests for applicability followed by a
sequence of transformations (REM:LINK, |NCR:L]NK, and others, see Figure B.4) that

produce a new modified object from a copy of the input object. GPSR also performs a set
of tests in LHSs of QA's to ensure that the transformations are legal. This was not done
by GPS, which simply allowed the transformations to "fail", but it is important in GPSR to
avoid the (unnecessary) extra work involved in doing and undoing the copying of objects.

MK has four very similar move operators, of which MOVE:BOX is typical, containing
types of tests that represent the full variety in the four operators. MOVE:BOX has a VAR-
DOMAIN,

X IS IN-THE-SET OF PLACES,
which is guaranteed in GPSR by the desirability selection process, using Working Memory
instances asserted by 01:

VAR DOMAIN('MOVE TO/PLACE 1) & VAR DOMAINCMOVE:TO,'PLACE2) & VAR DOMAIN('MOVETO,'UNDER:BANANAS)
& HASMOVE COMPON('MOVE BOX,'MO 1,'ARB,'ARB) & HASVAR('CMB I,'MOVE TO)

MOVE:BOX has two PRETESTS. The first is a simple set membership test on the monkey's
location, which is simply assumed to be true in GPSR, since it is redundant,

THE MONKEY'S-PLACE IS IN-THE-SET OF PLACES.
The second is

THE MONKEY'S-PLACE EQUALS THE BOX'S-PLACE,
which in QAM (the application P) becomes

LINKS(L1,NI,N2) & SATISFIES(LILl EQ 'MONKEYPLACE) & HASVAL(N2,V)
& LINKS(L2,NI,N3) & SATISFIES(L2,L2 EO 'BOX PLACE)& HASVAL(N3,VI)

making the EQUALS test by using the same variable, VI. In QDM, which produces the
operator difference, the test is similar except the last element becomes,

HASVAL(N3,V2) & VNEQ(V2,VI)

For MK, the desired object consists of a test that the monkey has the bananas; it
that is not true, a difference is produced as a match result. The test is:

NOT( EXISTS(L,N2,V) & LINKS(L,NI,N2) & SATISFIES(LL EO 'MONKEY.HANO)
& HASVAL(N2,V) & SATI9FIES(V,V E 'BANANAS))

which corresponds to TEX-DESCRIPTION,
THE CONTENTS-OF-THE-MONKEY'S-HANO EQUALS BANANAS

For TH, the move operator MOVE:DISK has in GPS four VAR-DOMAIN's and a PRE-
TEST. Three of the former are of the form,

THE TO-PEG IS AN EXCLUSIVE-MEMBER OF THE PEGS
In GPSR, QF has the equivalent as:

SATISFIES(VAR2.VAR2 EQ 'TO PEG) & ASSIGNS D(VAR2,VAL2) & ISPEG(VAL2)
& VNEQ(VAL2,VAL3) & VNEQ(VAL2,VAL4),

where VAL3 and VAL4 are bound to other members of ISPEG that are used to construct a
feasible assignment in the RHS. That is, the EXCLUSIVE-MEMBER relation is achieved by
the VNEQ's in the LHS of the P. The fourth VAR-DOMAIN is for DISK, which is a set
membership without exclusions and thus a simple variation of the above.
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The PRE-TEST for MOVE-DISK in GPS is
X ON THE OTHER-PEG IS DEFINED FOR-ALL X SMALLER THAN THE PARTICULAR DISK

In GPSR, QA has
NOT( EXISTS(DI,N,NN3V) & LINKS(FPV,NI,N2) & LINKS(DI,N2,N3) & SMALLER(DIDV)

& HASVAL(N3,N3V) & SATISFIES(N3V,N3V EQ 'YES) )
& NOT( EXISTS(DI,N2,N3N3V) & LINKS(TPV,NI,N2) & LINKS(Ol,N2,N3) & SMALLER(DO,DV)

& HASVAL(N3,N3V) & SATISFIES(N3V,N3V EQ 'YES) )
where FPV is bound to the binding of FROM:PEG, TPV to the binding of TO:PEG. That is,
rather than having a positive test for all disks on the OTHER peg, which is a variable
number and thus impossible to express in a single P, the PRETEST is converted to its
negative so that "FOR-ALL" becomes "EXISTS" and one P now suffices for the test. On the
other hand, QD which generates operator differences uses the positive form of the
PRETEST because it must generate a difference for each such disk; it does so by firing
once for each smaller peg that is not on the other peg:

& NOT( EXISTS(V,N3) & LINKS(DI,N2,N3) & HASVAL(N3,V) & SATISFIES(V,V EO 'YES))
where WI is bound to a disk smaller than the disk to be moved, and N2 is the node of the
TH object that is linked from the top node by the value of OTHER:PEG.

For MC, the CROSS-RIVER operator's two POST-TESTS are:
1. ARE ANY OF THE FROM-SIDE-TESTS TRUE
2. ARE ANY OF THE TO-SIDE-TESTS TRUE

where
FROM-SIDE-TESTS (

1. THE M OF THE FROM-SIDE IS NOT-LESS-THAN THE C OF THE FROM-SIDE.
2. THE M OF THE FROM-SIDE EQUALS 0

and TO-SIDE-TESTS is similar, with TO-SIDE for FROM-SIDE. "TRUE" here is defined to be
a disjunction, namely of the two elements of the FROM- and TO-SIDE-TESTS. The GPSR
version of this has been given already, Figure D.8. Note that the negation of the negation
of disjunction is used, converting it to a nested conjunction. In the operator difference
case, QDF and QDT for the two types of differences, the simple negation of the disjunction
is used, which is the two conjuncts in QOF,

SATISFIES2(NFMM,M NEQ NFM) & SATISFIES3(NFM,MNFC,NFM-M ?-LESS NFC-C)
where M is the number of missionaries to be moved, C the number of cannibals, NFM the
number of missionaries on the from-side, and NFC the number of cannibals on the from-
side. Recall that for POST-TESTS in GPSR, the conditions are algebraically reversed
(Figure 0.8). The only other feature in MC that hasn't been illustrated for the other tasks
is the form of VAR-DOMAIN, which in GPS was

V IS A CONSTRAINED-MEkFBER OF THE 0,1,2-SET, THE CONSTRAINT IS X.Y IS IN-THE-SET 1,2
and similarly for X. As a domain restriction, this is encoded in GPSR in the feasible
assignment generation P, QF2, as:

VAR DOMAIN(VAP3,VAL3) & SAT ISF!ES(VAL3NUMBERP VAL3)
& VAR DOMAIN(vAR4,VAL4) & SATISFIES(VAL4,NUMBERP VAL4)
& SATISFIES2(VAR3.VAP4,VAR3 LEXLT VAq4)
& SAT ISFIES2(VAL 3,VAL4,VAL3.VAL4 .GREAT 0) & SATISFIES2(VAL3,VAL4,VAL3.VAL4 ?.LESS 3)

where VAR3 and VAR4 are bound to operator variables (corresponding to X and Y above)
whose prospective values are bound to VAL3 and VAL4; the two SATISFIES ensure
numeric domains for VAL3 and VAL4 (using data asserted by QI that defines the domains
as the sets (0, 1, 21), the first SATISFIES2 ensures that VAR3 and VAR4 are distinct, and
the last two SATISFIES2's apply the sum constraint. Thus in this case the PS match has
examined all possible assignments and eliminated the unwanted ones by applying the
constraint (how GPS implemented this same function is unknown; there are of course
alternate ways to express it in Psnlst).
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There are several points to be made about the above comparisons. The direct
encoding of the full variety of GPS tests as segments of LHSs of Ps was achieved within
the PS language. The level of expression of the PS version is similar to the GPS external
letiguage, except that the PS version requires the use of local match variables in addition
to the GPS operator variables. In several places the expressive power of Psnlst was
useful in reversing the logical sense of tests and in algebraically transforming tests. The
PS expressions are procedural in the sense of being used as programs, yet retain the
declarative aspect of the GPS external language.
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GPSR

. Production-System-Related Features of GPSR

The work with GPSR has raised two categories of issues, those dealing with PS
aspects and those dealing with GPS itself. PS issues deal with control and representation,
and the position of GPSR with respect to these can be expected to remain, independent of
variations in the GPS content of the program. The issues raised with respect to GPS
suggest a number of further experiments, but these are beyond the present scope, so that
they will simply be pointed out. This section considers PS issues, and the following
section, the GPS issues. The final section points out problems for further research.

In Section E.1, we discuss features of the implementation that are related to PS*
viewed as a programming language, namely implementation time, conciseness, control, and
efficiency. In Section B.3, we have discussed the places in GPSR where PSs produce the
greatest impact on representation. The power inherent in the PS match is used to
advantage in making complex selections, in generating combinations of feasible
assignments, and in accessing locations in objects. The flexibility of varying degrees of
procedural encoding of knowledge in PSs will be discussed in Section E.2. The openness
of control, the high level of PSs as a language, and the advantages of the explicitness of
conditions and actions are supported by several aspects of GPSR. First, it was easy to
make several extensions to the basic GPSR program, in extending Its applicability to the
three tasks. This will be discussed in detail in Section E.3. Second, task specifications
were directly expressible as Ps and Working Memory items. The interaction of these Ps
with the main program is minimal; there is the potential of having arbitrary PS programs
being driven by GPSR (or vice versa). The process of encoding knowledge in the task Ps
is the subject of Section E.4. Third, as experiments developed new knowledge of
requirements for the problem-solving executive, it was straightforward to add the new
knowledge and determine its interactions with other parts of the executive. This will be
discussed in Section E.5.

Fi. Low-level imolementation features

Implementing GPSR took about 260 hours, and in addition about 60 were spent in
preparatory study. The programming time was split up roughly into 30% coding time and
70% debugging, which includes testing and making minor changes to the program. The
reading was spread over about 7 weeks and the programming, over 23, in the sense that
out of the total elapsed time of about a year, only about half of the weeks showed
significant effort spent on GPSR.

Qualitatively, the GPSR program is fairly close to the abstract descriptions of GPS
presented in this chapter and in the Ernst and Nowell book (Section B.2 has a detailed
comparison). The language is high-level and concise. GPSR has 206 Ps and 10 auxiliary
(PSMacro) Lisp functions, which are involved with printing the behavior trace and
converting objects between internal and external representations. The average number of
task Ps is 11. This can be compared to data for a direct ancestor to the GPS program that
GPSR imitates, GPS-2-2 (Newell, 1963). The primary structure missing from GPS-2-2 is
the problem-solving executive (it also lacks a method language interpreter, but so does
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GPSR). GPS-2-2 has 250 IPt.-V routines, averaging around 20 words per routine. Since
IPL-V takes a line for each instruction, and each instruction takes an .PL-V word, this gives
an estimate for length of program listing at over 5000 lines, including date structures, but
not including an estimate of space taken by comments. This Is over 4 times the size of
listing of GPSR, which is probably more densely coded. GPS-2-2 used 6.9 K words, about
a third the size ot GPSR, including the space used for a single task specification. GPSR can
also be compared to a current Lisp version of GPS, called Mini-GPSe. linl-OPS differs
from GPSR in having only Form operators, in lacking object and goal recognition processes,
and in being restricted (somewhat specialized) to performing a symbolic manipulation task
similar to the earlier GPS logic tasks. It has 66 Lisp functions and its program listing takes
about 616 lines. The program listing for GPSR takes about twice as many lines, and the
number of GPSR's Ps is about double the number of Mni-GPS functions, making allowances
for Mini-GPS's functional limitations. But since most Lisp functions (this is somewhat
speculative) test more than two conditions (i.e., alternatives in Lisp COND's), it must be the
case that a P is expressing action at a higher level, since by this there is much more then
one condition-action pair in Lisp corresponding to a P. This must be taken only as a
preliminary line of thought, to be properly treated more fully In a context where a more
satisfactory comparison can be made.

One feature that is very useful but that occasionally causes problems is the
barallglism" of P firings. This refers to the simultaneous firing of a P whose condition

matches in more than one way. All of the possibilities are used, and consequences are
followed up in unpredictable order. This makes processing sets of similar items appear as
if the processing is happening to only one, as far as the static program is concerned. For
Instance, the Match-Diff submethod is expressed as a set of Ps that test the various
special cases, but the control of where in a tree-structured object the match is located Is
left open to the arbitrariness of the firing parallelism. As with asynchronous processes in
general, it is necessary to bring together (synchronize, or join) the various coAnputational
strands; in PSs this is done by a single P that uses the results of such a process but
whose condition requires that no loose ends are lying around. This is necessary because,
once control passes on, the loose ends get masked by new processing (pushed down In the
stack, :SMPX) and do not rise to the top until some later point.

This parallelism is used in several processes in GPSR. Feasible assignments are
generated by multiple firings of single task Ps (actually one task P for each class of
desired assignment), and there is control, M4OR, to make sure all feasible assignments are
generated before a selection is made by M40 (that control is used only in case of multiple
operators that give rise to more than one class of desired assignment). The Try-Apply
submethod processes sets of feasible assignments in parallel, with the final selector for
the result to which control is to pass, M45, acting as the synchronizer for the process.
The desirability selection process constructs desirable assignments that may be sets of
values for a particular variable; it generates assignments for different components of a
difference in arbitrary order; and it may be working on assignments for more than one
operator at once. 37, kT7R, and 137S are the synchronizing Ps. The m also
operates in parallel, as explained above, and also in the sense that it can do two or more
matches at the same time. This is used in the MATCH:DIFFI variant, called by the object
filing process, in which several objects similar to an object may need to be matched, and in

0 Implemented by . Roehrich for instructional use in the CMU Al course.
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which several objects may be being filed at once. The ordinary match is synchronized by
ulsing the stack (:SMPX) to hold of f proceeding until all the match signals have been cleared
out of the stack, letting the TRANSF2 signal come to the top; see Ps M20 and 23. The
match used by the object filing is synchronized by F42 and the Ps that follow it. In
general, Ps for erasure of data use multiple firings to advantage, e.g., the F20's, M37, and
M44F. Finally, there are several places where complex selections are broken up into
cascades of tests, with one P narrowing down a large set to a smaller set of candidates,
and with the second P narrowing that set down to a unique selection. This Is used In the
Try-Old-Goals process (Ps E30-E32), in the selection of objects by the NEWOBJ criterion
(35-37), and in matching apply goals with various desired assignments, in the goal-
recognition process (FBN-F8Z).

In most of the above examples, GPSR has extra mechanisms to synchronize scattered
parallelisms, even though in ordinary processing it is unused, because the parallel firing
paths have remained locked together. In other words, GPSR is written to produce the
same behavior whether or not there is this parallelism, for the reason of making the code
general enough to handle sets where ordinarily there are only single elements. Speaking
abstractly two varieties of mechanism are used for this: first, using :SMPX to order the
examination of two signals, where the first initiates processing and the second does the
right thing afterwards - the second signal being held in the stack until the desired process
has exhausted itself, at which point it becomes the most recent unexamined event,
resulting in firing a P that renames outputs and initiates a process that uses those outputs;
second, having the final Ps of a process test for any unused control signals for
intermediate steps in the process, and if any are around, re-assert them so they become
more active and precede anything done by the succeeding process, which uses the newly-
developed results. Those places in GPSR where it was unnecessary to use such
mechanisms because the parallel firings were guaranteed to stay together would have to
be modified in one of those two ways, if that assumption were relaxed, and this would be
only a minor inconvenience (no other known PS architecture has the feature). But if the
program's static form required slight modifications, its dynamic performance would suffer
more since the existing synchronizing mechanisms would actually be brought Into use In
most cases. All in all, parsimony favors retaining the multiple-firing feature, since there is
no evidence that its negative aspect, too much action, is uncontrollable.

In addition to the control topics just discussed (namely, iteration over sets,
synchronization of parallelisms, selection, combinatorial generation, and the match's scatter
order), there are some other aspects, touched on elsewhere in this chapter, that can be
summarized here. The executive's control context is maintained by a small number of data
Instances, telling it the status of the current goal and how to proceed if the goal should
succeed or fail. Generally, local memory instances tell processes at all levels which
subparts of processes (subsets of Ps) are responsible for the next decisions in the normal
control flow. Either a process subpart knows or determines what is to come next, and
asserts the appropriate data, or it simply asserts its output and the direction of control
flow is determined by other instances that were stacked up (:SMPX) when the subpart was
evoked. That is, control simply falls back to pending things to be done. The variant of the
Match-Diff submethod that produces only a single difference is controlled (terminated) by
having its control signals erased when enough of its output has been received. The
overall organization of GPSR into executive + methods + processes + task-dependent
operators is a conventional hierarchical organization, but achieved with an unstructured
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set of Pa. The knowledge in the Ps, however, Is rather modrla, In the sense iet Ps
group naturally into sets according to the kinds of knowledge they represent. P in a
module share much more with each other in terms of processing assumptios and dote
instances then Ps in separate modules do (see Section F5). Perhaps we hae traded
modularity of knowledge for elaborate control structures.

GPSR is comfortably within an order of magnitude of reasonable run-time oftl,.
either for human or computer. It solves the tasks exhibited in run times ranging from two
minutes to about 45 minutes. This represents a range of 12 seconds per goal to abo.t 40.
By this seconds-per-goal figure alone, GPSR is about 3 to 10 times slower then GPS is
estimated to be on the same computer (using Ernst and Newell's data, 17 seconds per gol
on a 7090), and about 20 times slower than the'ini-GPS program. Most of the reason for
this range is the increasing inefficiency in accessing Working Memory items as the number
of items gets larger (for instance, all objects' representations are kept in Working
Memory) this feature is tolerable at present because of the experimental first-
approximation nature of Psnlst.e Times for the average Working Memory action range
from 95 to 185 milliseconds, and for P firings from 335 to 605 milliseconds. The GPSR
program uses 23.1 K 36-bit words (using the LISP encoding), and the task Ps use amounts
from 3K (for MK) to 5.1 K (for MC). On the average this is about 10 K per 100 Ps. For
Working k4emory during the problem runs, from 6 K to about 20 K words are used. The
only comparable figures available for GPS are that program and data used 20 K FL
symbolic locations, which would probably correspond to 20 K words on the computer used
for GPSR. Mini-GPS's size is about 4.5 K. The only impact of the low run-time efficiency
on implementation time was that only one or two test runs could be made per day. This
was offset in part by being able to debug GPSR using only the printed trace and the trace
of P firings; that is, debugging interactively was necessary only in the initial stages. The
time inefficiency is actually only barely tolerable; that is, if it were somewhat worse,
accomplishing anything would become almost impossible. Current expectations are that
significant improvement is possible through radical changes in the implementation of Psnlst.

E.2. Trade-offs between Working Memory and Production Memory

In PSs In general, there are two ways of storing data: as items In the Working
Memory (WM) or as data in RHSs of Ps (Production Mlemory, or PM) that can be evoked
when needed. In psychological modelling, there is usually some theoretical constraint on
which memory can (must) be used, usually determined by limits on WM capacity or WM
item lifetime. But for Al purposes, and in particular for GPSR, the only strong
consideration is programming convenience and efficiency. Nevertheless, for illustrative
purposes PM is used for storing longer-term data in one instance, and it is possible on the
basis of the experiments already completed to suggest other places in the program where
this might be advantageous. The advantage of using PM is to reduce the size of WM,
making matching more efficient by reducing combinatorial explosion, and removing data
from the focus of attention so it doesn't interfere. There is a certain cost involved,
though, in storing into and retrieving from Pk It is assumed that adding to the number of
Ps does not increase the cost of finding a P that matches, since such Ps are usually keyed
to signals that don't get used in the rest of the program.

* See Section G.2 for a discussion of improvements within the bounds of the PS

language.
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The illustrative use of PM is to store the components of foc-progs. These are used
only occasionally, and their number for a task may get large (it is task-dependent). The
desirability selection process uses them, so when it needs to have them, it emits a signal
end the appropriate P responds by asserting the components. The components are then
deleted on use. The component P is built at the same time as are the loc-prog recognition
end application Ps, in the filing process.

A related potential use of this mechanism Is in storing move-operator components,
which are used in a way similar to loc-prog components. The revisions required to the
desirability selection process (Section D.3) could use the PM to advantage, since eraersig
the components after use would then be possible, and their absence could be used as an
Indication that the process of constructing a desirable assignment was successful. Using
their absence is somewhat less clumsy than using some new positive data items to signify
that fact. This particular trade-off has emerged from experiments as useful, and thus is
recommended, but in general such considerations are not easily foreseeable. Making this
conversion is not anticipated to be difficult; one option is to simply force the task
specification to bring about the switch, but the necessary Ps could also be built Internally
from presently-given data.

We have seen above, Section B.3, that there was a rich variety of decisions along
this dimension for the canonization and recognition processes. For instance, the table of
connections is expressed presently as an object in the WM, but could be expressed, in
circumstances demanding more complex choices, as Ps. Another instance of a similar usage
Is expressing described objects as Ps in the WI( task. There the match to an object is
specified as a procedure that recognizes differences. We will discuss possible further
modifications relating to this issue in Section G.2.

E.3. The ease of extendiny GPSR

A set of modifications were made to GPSR as the implementation developed. The
ease with which this was done will illustrate the usefulness of GPSR for performing further
GPS experiments. This subsection discusses the assignment ordering heuristic used for
MC, the generalization of the transform method to allow it to be retried, the addition of the
NEW:OBJ criterion for MC, the use of described objects, and the modification to the
MATCH:DIFF submethod to produce a single difference rather than all differences and to
perform more than one match at a time.

The assiEnment orderimn heuristic in MC consists of preferring to have two people
In the boat when moving it from left to rigth, and preferring only one in the boat on the
return trip. To do this, two Ps, QF3 and QF4, were added to evaluate generated feasible
assignments, and a change was made to M40 in the Try-Apply submethod to be sensitive
to the evaluation. The two QF Ps were necessary because of the two different
evaluations, one for left-right moves and the other for right-left moves. The change to
M40 consisted of a nested sequence of conjuncts to cause selection to be based on the
numerical value produced by the evaluation. It was necessary also to add an argument to
the new-feasible-assignment signal (HASNEWFEAS), for the value (this affected about a
dozen places in the program, but only the M40 location was sensitive to the addition). The
two QF Ps are interposed between the generation of feasible assignments and their use
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for testing applicability of an operator by renaming the output item (HASNEWFEAS) from
the generators to serve as an input (HASNEWFEASORO) to QF3 and QF4 these then had as
their output the previous generator output item. To disallow the option, it Is only
•necessary to change the name of the generators' outputs back to HASNEWFEAS. For tasks
that have no assignment evaluation, the value argument is simply given as amounting to
a dummy pleceholder.

The RERYTRNS 22tto allows the Transform method to be retried by enabling it
in the executive and by saving alternatives as they are generated. Ordinarily the
executive stops backing up when it hits a transform goal, and evokes the Try-Old-Goals
process; by adding an extra condition in E24 to test whether the option is on, and by
adding E25 and E26 to apply the option and to fall on exhaustion of alternatives, tta
executive's action in this case was modified. The Transform method itself had to be
modified to save alternative differences (from MATCHDIFM) instead of erasing them. M24S
does this; only differences whose difficulty is equal to that of the hardest difference are
saved (as HASALT:DIFFR instances). (The Transform method makes an arbitrary choice
from the set of equally-difficult differences.) The option is turned on by inserting the
RETRY:TRANS signal at the beginning of a test run, manually.

The aw-Obi otion is implemented as a side case to the Try-Old-Goals selection. It
selects an object that has not been the subject of a transform goal, creates a goal for that,
and proceeds. There is a test for the option in E30 (the option is enabled by the
SELECT:NEW:OBJ signal, inserted manually), and E35, E36, and E37 carry out the associated
selection, goal construction, and cleanup operations. When no objects are available, Try-
Old-Goals is done, by default.

Extending the Transform method to allow described okicts as desired objects
requires only one change in GPSR itself, and the addition of the requisite tests as part of
task Ps (see the MK t.k P QK). M25 in the Transform method is necessary in order to
detect a successful goal by noting that no differences are produced by MATCO.DIFF.
Ordinarily this test is unnecessary because success can be detected by identical
(canonized) object names. The described-object tests themselves respond to the
MATCI-DIFF signal and produce output similar to that produced by the MATCHO.DFF
submethod. The MATCH:DIFF submethod cannot do anything because a described object
doesn't have any nodes for it to even get started with. The option is enabled simply by
asserting ISDESCRIBED:OBJ for the desired object of the top goal (e.g., In Q1 of MIQ.

For use by the object-filing (canonizing) process, the MATCRkDIFF submethod needs
only to produce a sMile difference. to distinguish two objects in the object network. The
MATCH:DIFI signal is set by the filing Ps, and the MATCH:DIFF submethod is evoked. That
submethod works as it normally does, except at the final output stage, where there is a
split according to whether MATCH:DFI is on. The split (an extra condition In Ki) prevents
the firing of K9, and K1I1 is used instead; Ki 1 is the only added P for this change. Since
the MATCH:DIFF submethod works in "parallel", usually not all of its results are produced
at once; this can be used to advantage here because only one result is needed. The
superfluous processing is prevented by erasing any remaining MATCH:DIFF data (Ms F21
through F28 do this). The added requirement that the MATCH:DIFF submethod be able to
do two matches at the same time is achieved by adding two object arguments to
MATCH:DIFF; this allows results from separate matches to be distinguished where
previously they would not have been.
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In summery, each of the five modifications disciossed above was achieved very
concisely, requiring at most the addition of three Ps and the modification of one existing P
to allow a new branch in the execution path.

E.4. Mknoina the GPS external representation onto the task Ps

In Section 1.6, we have presented a comparison of features of the GPS external task
language and GPSR task Ps. That can be summarized as follows. The mixed declarative-
procedural aspect of PSs is used to fullest advantage when tests, moves, expressions, and
variable constraints are expressed directly in task Ps. It is used less directly in the
encodings of the DIFF..ORDER and TABLE:CONN objects: they are passive data structures,
but they are accessed by task-specific loc-prog Ps that are built as required by GPSR.
This passive encoding is only an expedient here, since nothing prohibits their being
encoded as more general Ps that respond on request with the desired information. In a
couple of cases it is necessary to represent things dually, once in Ps and once as Working
Memory instances. This is due to the requirements of the desirability selection process: It
must have information about specific operator effects (move-operator components) and
about variable domains. An interesting idea developed in Section C2 is that the
information in Working Memory is more properly thought of as coming from the RHSs of Ps
that are evoked when it's needed. Thus the duality of knowledge representation becomes
that it is encoded in I.HSs and RHSs of Ps. Ideally, of course, all of this would be
supported by having a set of Ps to translate from n .external language to the form usable
by GPSR. My justification for not carrying this out is that such a sophisticated translation
wes not part of GPS either: its external language was artificial, and even though, perhaps,
It wasn't as far away from natural language as the PS representation, the translation
problems are similar.

..5. The knowleqde encoded in the GPSR executive

The approach to problem-solving that is embodied in GPS is to set up an executive
whose expertise is evaluating progress and allocating effort among a set of methods for
achieving various kinds of goals. The methods in turn produce results by mlaking use of
only task-specific knowledge. Thus there is a natural modularization of bodies of
knowledge along the lines of this division into executive and methods and task-specific
knowledge. In GPSR, the components of each body of knowledge are implemented as Ps,
and each body is modular in that contact between bodies is rare compared to interactions
within each. In this subsection we will consider briefly the nature of the bodies of
knowledge, and then focus on how the knowledge in a part of the executive gets
represented as Ps.

The body of knowledge in the executive deals with difficulty of goals and with goal-
subgoal and antecedent-goal structure. It decides when to evoke a method to achieve a
particular goal and it knows how to use the results of a method evocation to make further
progress towards solution of the problem. The methods embody a set of general
techniques that are applicable to a variety of specific tasks. The methods perform
matching, evaluate differences resulting from the matching, select task operators according
to appropriateness, keep track of alternative operators to try, and interface to the task
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operators, specifying how the operators are to be applied and interpreting the results of
application attempts. The knowledge that allows a specific task to be done deals with
applying operators, extracting operator differences, generating feasible assignments, nd
initializing the task.

The executive is divided into several pieces: one evaluates new goals, one handles
the success of goals, one handles failure, one checks for retryable supergoals and
antecedents, and one selects old goals for retrying (the Try-Old-Goals process). We will
focus on the evaluation piece, which is Ps EI-ES, corresponding to APs EOb, EOc, and ECd
in Figure C.2. Figure LI gives slightly abstract Ps for El-ES.

El: oval-goal & not repeated & not too-difficult -> select-method;
E2: eval-goal & too-difficult & not repeated & isreduce-goal

-> print("No Progress") & check-retry(supergoal)
E2R: oval-goal & too-difficult & repeated & isreduce-goal

-> print("Repeated") & try-old-goals & disallow-retry:
E3: oval-goal & too-difficult & hasantecedent-goal

->print("No Progress") & fail & methods-exhausted(antecedent-gol)
E4: oval-goal & too-difficult & not hasantecedent-goal & isreduce-goal(supergoal)

->print("No Progress") & fail & methods-exhausted(supergoal),
E8: oval-goal & repeated & not too-difficult

• print("Repeated") & try-old-goals & disallow-retry,

Figure l Slightly abstract Ps for goal evaluation

Rather than take the Ps themselves as primitive units of knowledge, it Is useful to
state the knowledge more declaratively*. The following statement of the subset of the
knowledge in the executive that is used in EI-E8 is intended to corpespond to a more
natural and immediate statement of knowledge contained in the bodies of knowledge
sketched above, and to correspond to the form in which knowledge Is first verbally
formulated when something new arises as the result of experiments with GPSR.

NI a. Goal evaluation is the last thing that is done to a new goal before
the executive selects a goal for further problem-solving effort;
b. in the executive's selection, a new goal is preferred to old ones;
c. a goal is evaluated as too difficult if it is more difficult than either-
its antecedent or supergoal.
Used in: E1-E8; the "eval-goal" signal is implicitly a new "eval-goal";
how the evaluation is defined is used wherever "too-difficult" occurs.

N2 If a goal is selected for further effort, a method should be selected
to work on it.
Used in: El (E22, E31).

N3 A goal that is a repetition of a previous one should be abandoned
permanently.
Used in: E2R, E8.
Interacts in: El, E2.

0 The approach here was first presented in Rychener, 1975.
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N4 A reduce goal that is too difficult may be retried later, if no other
reasons prohibit that retry; it should not fail, and Its supergoat
should be chocked for the possibility of retrying.
Used in: E2.
Comment: the part about retrying the supergoal is probably wrong,
from a GPS standpoint (it does describe GPSR's action); but this case
does need to be distinguished from the ones below.

NM When a repeated goal is abandoned, the Try-Old-Goals process
should be evoked, if no other action is prescribed.
Used in: E2R, ES.

N6 A goal that is too difficult fails.
Used in: E3, E4. (Note that this overrides N5, since it is unqualified.)

N7 When a goal is too difficult, and when it has an antecedent or when it
has a reduce supergoal, the antecedent or reduce supergoal should
not be retried because any further tries would also be too difficult.
Used in: E3, E4.

N8 A reduce goal is derived as a subgoal of a transform goal or of an
apply goal; it can never have an antecedent.
Used In: E3, E4; to remove the need for "not isreduce-gol". (This
makes N4 and N7 mutually exclusive.)
Comment: Similar defining statements could be made for other goal
types, but they aren't used in EI-ES.

Figure E.2 gives a picture of the mapping of knowledge statements to E Ps.

E _E , _ N2
2 _ _ N4

N _\ (N6, N7, NB)
--E4/

2R\ (N3, N5)

Figure E.2 The mapping between N's and E's

Several features are noteworthy. In El we see a typical effect of an interaction of
three pieces of knowledge, N2, N3, and N6. El would start out as "eval-goal -.> select-
method", based on N2; N3 and N6 each add a condition, to result in the El displayed.
Similar interaction occurs in E2-E8 between how to handle goals that are repeated vs. how
to treat the case where a goal is too difficult (non-progressive), both of which can be true
of a new goal. The knowledge about how to treat goals that do not make progress (are
more difficult than their supergoal or antecedent) arose out of experiments. For instance,
N7 becomes necessary when one notices a goal that is retried several times, sprouting
subgoals that are in each case too difficult. This knowledge takes advantage of the fact
that subgoals are generated in order of non-decreasing difficulty. N4 also arose out of
experimental need, as was discussed in connection with the MC task, Section D.5. Note
that E2R, E3, and E4 do not exhaust all the cases of goals that a priori might be possible If
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assigning difficulties is not taken into account. It was found by experience, however, that
those three Ps do suffice, as a result of the way difficulties are assigned.

Knowing the history of how the executive developed from experiments and knowing
by analysis the form of knowledge interactions in executive Ps leads us to conclude that
further knowledge can be encoded in the same way as the examples above. That is, new
knowledge will primarily result in new Ps, but is also likely to have interactions with
existing knowledge, resulting in conditions added to existing Ps. This view is supported by
the ways in which some extensions were made to GPSR, as we have seen in Section 3.
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F. GPS features of GPSR

F.I. Features of GPS that can be incorporated into other oroblem solvers

The organizational structure of GPS has been preserved in GPSR, and It is
sufficiently useful to warrant emphasis here. The organization is based on the idea of an
executive wandering around a goal-subgoal network structure, providing inputs to
methods, evaluating results of methods, maintaining progress, and allocating effort (see
Newell, 1962, for further discussion of this, and of alternatives to and history of this
approach). This cleanly partitions expertise on various aspects of problem solving: the
executive knows about goal tree structure, progress, and, at a general level, about specific
methods; the methods are the repository of specific techniques, but they are interfaced to
the executive in uniform fashion, they don't communicate with each other except through
the executive, and they carry out relatively small and manageable pieces of the task
(relative to everything required for a solution). This structure could presumably be
expanded by adding new problem-solving methods, and the expansion would be supported
by the existing structure. For GPSR, adding a method would require mainly extending the
method-selection network, and the method would have to adopt or augment existing
communication conventions; if new goal types were required, the goal-recognition and
goal-sequencing processes in the executive would be affected.

Another attractive aspect of GPSR with respect to GPS mechanisms is the possibility
that the task Ps can become arbitrary programs. In the examples done by GPSR, the
program nature of the task information was only moderately exploited, but the general
loose interface between the GPSR Ps and the task Ps might be used to advantage for more
demanding tasks, or for tasks that deal with a much richer environment. As the task Ps
grow, GPSR might become a minor, but important, subsegment of the overall problem-
solving process.

In Section G.2 we will discuss some possible ways in which GPSR might lose its
generality on a specific task, as it develops specialized Ps for performing some of its basic
processes. This will include, for instance, building specialized Ps to recognize differences
between objects and recognizing situations similar to previous ones where a successful
sequence of operators might be directly applicable, thus formulating a plan spanning
several goals. Even with such specialization, the executive-method organization would be
retained as the Indispensable goal-seeking and progress-maintaining core.

F=.2. Problems with GPS from an implementation viewpoint

It was necessary in implementing GPSR to make interpolations at various places
between what is described by Ernst and Newell and what is necessary to have a working
program. This subsection will briefly discuss some of the problems encountered. In
comparison to most Al programs, GPS was described in extensive detail, although it was
also sufficiently complex to warrant that detail. Perhaps the parts of it that were
unspecified relative to the PS implementation indicate as much about the level of the PS
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language or about the PS organization of the GPS processes as they indicate about minor
defects in the original description. That is, the small number of additional details that were
essential to implementing GPS as a PS indicates the small gap between detailed informal
description and a PS implementation. Some of the following however are clearly
independent of implementation language.

Some details of lower-level processes were insufficient. One of the hardest to
Implement was the desirability selection process, by which desired (partial) assignments
for operator applications are constructed. Connecting differences found by the GPSR
match with specific operator information was difficult because it required decisions as to
how much task information could be used without losing the generality of the process.
The general solution sketched in Section D.3 was arrived at after experience with the
requirements for several varied tasks.

Ernst and Newell didn't give enough details on the difference evaluation and on the
scheme by which difficulties were assigned to goals as a result of that evaluation. It is
evident from detailed study of GPS traces (in Ernst and Newell) that certain types of
differences were ordered before others. For instance, in TH, reducing an UNDEF to a YES
at some location is always preferred to reducing a YES to an UNDEF at another equally
difficult (by DIFFORDER) location. This is probably most sensible, but it is an assumption
about the problem-solving process that was not discussed. GPSR evaluates differences by
assigning a numeric difficulty value according to heuristics discussed near the end of
Section C.2. This value is then used as a difficulty value for goals. Such precision might
have hidden dangers in general because difficulties are used to reject (sometimes only
temporarily) goals from consideration, so that making too fine a distinction between
differences could be putting too much precision at a place where some margin of error is
appropriate (see, for instance, Section D.5). At present, however, it is not a serious
problem for GPSR.

The executive in GPS was described in considerable detail, except that for the
purposes of GPSR, the wrong details were described, and some essential details were
omitted or fragmented in several locations. Part of the difficulty is that certain GPSR
executive mechanisms were formulated in GPS as methods, for instance, Antecedent-Goal
method and Try-Old-Goals method. The GPS description had too much implementation
detail (in particular, dealing with the interpreter for the method language, which is
unnecessary in GPSR due to the expressive power of the Ps themselves); that is, the
implementation detail was too fine and went into issues that were irrelevant to the GPSR
Implementation. The GPS description lacked detail on how the executive managed
successes and failures of goals (what was said for the executive contradicted what was
slaid for the antecedent goal method, so there must have been some further essential
mechanisms), on how it managed to maintain a multiple-supergoal structure (which it said
arose as the result of repeated goals), and on the use of goal difficulties to evaluate
progress. Unfortunately, the traces of GPS's behavior suppressed these executive aspects
completely.

Some of the mechanisms in GPS were not adequately iustified so for the GPSR
Implementation there was a tendency to remove things that looked unnecessary.
Subsequent experiments, however, proved their necessity, and important facts about GPS
were brought out, but it would have helped to have had a priori reasons. In many
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respects, this chapter suffers from similar defects, but its scope is too narrow to be
adequate in that respect. It is hoped that further GPS research might be oriented to a
fuller justification (see Section G.1). For instance, from simply considering GPS behavior
traces, It is not evident that it is necessary to recognize repetitions f ll three tMe 2f
£21. One can plausibly reason that since reduce goals are derived from transform and
apply goals, any repeated reduce goals would have to be derived from repeated goals, so
that it is pointless to recognize reduce goals. This turns out in practice to be false:
different goal contexts can in fact give rise to the same goals.e Further, one might reason
that apply goals need not be recognized, in a similar way, but it turns out that It Is
possible to get into infinite loops of apply goals that don't include repeated transform
goals; this occurs in unlikely-appearing sequences where apply goals are being retried.

One other unjustified mechanism in GPS is the Transform-Set method which
(seemingly arbitrarily) picks an object that has not previously been used as the subject of
a transform goal, and constructs such a transform goal (this is the New-Obj criterion
described above, near the beginning of Section C.2; the method in GPS has become part of
the executive in GPSR). This method is "justified" by explaining that it works properly,
since transforming an object derived from the initial object to get to the desired object is
logically equivalent to the original problem. But it is not justified in the sense that, as we
have seen in discussing the MC task (Section D.5), this method is essential to the success
of GPS on that task: the rest of the methods without the Transform-Set method are
insufficient to find a solution (thus, incomplete). This justification is important because the
method seems quite irrelevant to means-ends analysis, since it amounts to arbitrary,
undirected search, and since it doesn't use any means-ends principles. We will see below
that it might be possible to improve the selection using means-ends mechanisms already in
GPSR.

0 Whether in this case they really are repeated is still a question, since they are repeated
to attain different goals. This is especially critical if the repeated goal happens to be one
that is easily attainable, as evidenced by previous success. Perhaps this is closely related
to the multiple supergoal mechanism, since the success of a goal with many supergoals
implies the success of all of them, even if they are not all known when the success occurs.
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G. GPS research topics

This subsection brings up topics related to developing GPSR, in four groups. The
first group deals with problems with the theory of means-ends analysis and outlines the
aspects of the problem-solving executive that might be subjected to variation in order to
explore the space of GPS-like programs. The second group addresses possible
augmentations '- ihe basic set of techniques, in order to improve GPS within the means-
ends framework. The third group considers changes in the way GPSR uses its basic
techniques that might improve its performance. The fourth group consists of issues
related to expanding the area of successful application of GPSR techniques. These topics
are discussed here because implementing GPSR has raised new issues and has caused old
Issues to be addressed from a different viewpoint. GPSR is considered useful for further
GPS research because of properties inherent in the use of PSs, which will be discussed in
the next subsection.

The first group of topics addresses the theory of means-ends analysis. We have
already discussed the apparent incompleteness of the basic means-ends analysis methods.
We will discuss in the next paragraph some of the design decisions in the executive and
methods of GPSR that might be varied to try to find a version with completeness.
Regardless of whether completeness can be obtained experimentally, it would be useful to
develop proofs of completeness or incompleteness and of task domain coverage: can the
clasS of tasks be characterized abstractly, and can it be proven that GPS can solve that
class (or a subclass of it). One minor aspect of GPS's search is that it seems to be aided
by fortuitous orderings (of operators, of table of connections, etc.);, we must ask what the
ordering assumptions are and how they affect GPS's behavior. We must also examine
ways of making the ordering more under the control of the means-ends heuristics (this Is
discussed further below).

A number of design decisions were made in the executive of GPSR. These might be
varied in an attempt to improve the performance of GPSR or as an exploration of the
design itself. GPSR retries old goals (Try-Old-Goals) when a goal is repeated (GPS was
unclear on just what happened in this case); an alternative would be to retry the
supergoal of the repeated goal. Retrying goals is propagated up the supergoal heirarchy,
except through goals that have failed (in that case, Try-Old-Goals is done), until a
transform goal is reached; perhaps Try-Old-Goals should be used sooner in this situation.
GPSR does not retry transform goals, but evokes Try-Old-Goals; an alternative would be to
go further up the supergoal hierarchy. GPSR is not opposed to retrying goals that were
previously abandoned bacause they were more difficult than their supergoals; in fact this
seems critical in at least one example (but the example was not tried without it) this may
be due to too much precision in the difficulty scheme. GPSR does not have any multiple-
supergoal mechanism; it is not clear how (or why) it was done in GPS, and no behavior
trace exhibits its use. Since carrying over desired assignments led to completeness
problems in GPSR, this should be investigated; GPS evidently had the same feature (in the
MC and FS tasks) but it is not clear whether the impact was substantial, perhaps due to
accidental orderings (GPSR and GPS do not exhibit exactly the same search behavior).
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GPSR never retries apply goals as a result of Try-Old-Goals, even though doing so would
result in new paths being tried (no examples exist that would seem to result in paths that
would be real progress). The New-Obj selection in the executive selects the oldest object
that fits the criterion, where some other order might be better, for instance the newest
object, or the object closest to the goal. GPSR does things precisely In several places
where perhaps more looseness would be appropriate: differences are evaluated precisely,
difficulties are assigned using the difference evaluation, and desired assignments are male
as precisely as possible, especially in MC where precise numerical values can be used.
Goals in GPSR that have identical attributes are taken to be repeated, even when the
surrounding goal-tree context is different and when the new goal has succeeded in the
past attempt; in some examples it is clear that this might be inappropriate, and that some
way of taking context and multiple supergoals" into consideration is needed. Finally, the
GPSR executive has parts that were separate methods in GPS. Revising this decision might
be necessary if GPSR were to be applied to tasks beyond those done by GPS, but even
then, the position taken by GPS might not be correct either, especially given some of the
considerations above relating to alternative executive organizations.

The second group of topics addresses improvements of the basic elements that
means-ends analysis has to work with. Some of these are raised also by Ernst and Newell.
GPSR needs better differences, some of which were available in past versions of GPS, such
as "size of object too large" or "this expression contains spurious C's". GPSR could
perhaps record and make use of its history to extract, for instance, shortcuts that have
been accidentally developed to attain previous goals. This is closely related to planning,
one variety of which is to abstract move sequences from past behavior and generolize
them to apply to other situations. The TH task is one example: the process of moving the
two smallest disks is used several times in the solution of the four-disk problem. A second
variety of planning in GPS has been demonstrated to be important, especially in the logic
task (see Newell and Simon, 1972). This planning involves working with abstracted objects
and operators, where some features are suppressed, so that such techniques might allow
GPS to work with, for instance, a partially specified, vaguely described desired object.

GPS's behavior on certain graph-searching tasks (BK, WJ), where means-ends
analysis provides almost no direction to the search, might be improved by adding more
methods. GPS has difficulties with problems involving large objects (e.g., a chess board)
and it has no satisfactory approach to handling data types such as sets with duplication,
unordered sets, arrays, and so on. Some recent Al languages (the Planner-like languages,
see Bobrow and Raphael, 1973) have in fact remedied some of GPS's problems with large
objects and with diverse data types. We will discuss liter in this subsection some ways In
which GPS might develop into something like a problem-solving language.

The third group of topics addresses how GPS might be improved by making bettr
uMe gf techniques it already has. It might use its difference evaluation process to give
each new object a distance-from-desired-object evaluation, thus perhaps allowing its
search to be more directed by working first with objects that are closer to the desired
one. This might, for instance, be used to adjust the difficulty of a goal, which at present
uses the hardest difference as opposed to some measure based on all of the differences.
This might relate to making GPS search look like Nilsson's A* algorithm (Nilsson, 1971).
Also, as we have mentioned above (Section C.2), it might be possible to improve the
object-filing process by making use of DIFF.ORDER to determine which attributes of
objects are most likely to change and thus provide better discriminations.
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The fourth group of topics deals with how to m the ae of aolication of OPS
techniques. One way is to develop a process that takes natural language input, requiring
GPS to build its own representation, table of connections, and difference ordering. One
approach to this is put forth by Hayes and Simon (1973), although they do not cerry the
actual solution to completion, and they assume a more sophisticated GPS than really exists.
Simon and Lea (1973) discuss the problem of how it is necessary to alternate between
using problem-solving methods and processing the natural language input to get more
information that might be useful, when the problem-solving process gets bogged down.

GPSR does not implement the GPS methods relating to form operators. These would
require changes as follows. The match would need to be revised to work properly with
unordered schemas. As it is, it assumes that there is only one way that sub-objects can
be placed in correspondence, where, say, for algebraic expressions, several ways might
have to be tried to find the best match, due to commutativity. The match would need
immediate operators, such as assigning variables. The application of immediate operators
creates variants on objects, which seems to affect object canonization in a way not
presently accounted for. In general, objects would be less rigid in form, so that object-
related processes would have to be generalized (loc-progs, canonization, table of
connections, and difference ordering). Subgoals in problems with form operators would
have to deal with subobjects, so that extra conventions to handle that would be required,
e.g. in goal representation and in the executive. There are fundamental differences
between form operators and move operators, so that basic processes like desirability
selection would have to be altered. None of these changes requires major structural
changes, except perhaps to the MATCH:DIFF submethod and to object canonization, so that
the basic GPSR program structure would be sufficient.

Several processes in GPSR assume that generated sets are small enough that they
can be generated in toto and processed, as opposed to generating single elements or small
subsets and processing them before continuing the generation. GPS had two kinds of
generators, Generate-and-Test for large sets and Select-Best-Members for small ones. In
GPSR so far, no need for the large-set technique has been nezessary, but other
applications might require it. In particular, GPSR must generae feasible variable
assignments for move operators, and it does so simply by cwiputing the full set of
combinations of variables and values. This has an effect or. the Try-Apply submethod,
which tries to apply all of the operator specifications resulting from those assignments,
and then chooses the best for continuation (it can suspend the application testing if an
operator applies successfully, but the remaining alternatives are still saved for future
possible retrying). Whether generators need to be more conservative is task-dependent,
and GPSR would need to be able to decide between the alternatives.

Finally, in exploring other tasks, it might be useful to open up the basic problem-
solving processes in GPSR for task-specific adjustment. GPSR could develop into a
problem-solving language, in the form of a powerful interactive manipulative system. This
would not be dissimilar to the incremental simulation technique used by Woods and
Makhoul (1974), in which a human user interacts with a program by filling in indefinite or
unformalized sections of program action, gradually converting that action to actual
program. This is feasible in the form of working with the actual Ps, whose flexibility is
evident from Section E.3, where we discussed how readily the executive and methods were
extended; from Section F_4, where we dealt with encoding task specifications; and from
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Section E.5, where we dealt with encoding executive knowledge. The kinds of advice"
that would certainly improve GPSR's power in specific task domains are: planning as
discussed above, of both types; improving the selectivity of the table of connections and
of the desirability selection process; developing problem-specific differences and
difference orderings; intervening at points where arbitrary selections are made; and
adding new methods and expanding the method-selection network.

G.2. Production system research topics

PS resea'ch issues that are relevant to developing GPSR fall into four broad
categories: efficiency, difficulties with implementation, design criteria for orientation to
simulation of human problem solving, and expansion to more demanding task domains.

There are two ways to attack GPSR's inefficiency Problems (Section C) at the
external PS level (as opposed to changing the PS interpreter): reducing the number of P
firings; and reducing the size of Working Memory, thereby making the match process
faster by reducing the time to access memory elements. We will consider the various
aspects of these two topics in the order of decreasing expected payoff. The primary
approach to reducing the number of P firings is to find ways to collapse sequences of
related firings into a single firing. In GPSR, this can be done by changing the mode of
operation from "interpretive", where general Ps manipulate task information in the Working
Memory, to "compiled", using Ps that are built to achieve the same effect but that are
task-specific. The primary approach to reducing the size of Working Memory, which ranks
second in terms of expected efficiency payoff, is to store much of the information in Ps
when it is not needed for immediate processing, and to evoke the information from the Ps
again when the need for it is recognized. An observed attribute of the P firing behavior is
that a significant number of firings deal exclusively with erasure of items from Working
Memory. As the third efficiency topic, thus, we will examine the possibilities for making
erasure easier. Finally we consider the possibility of mixing Lisp code with the PS code to
achieve efficiency in selected processes. These four efficiency topics will be discussed In
order in the following paragraphs.

From the summary figures given at the end of the control flow trace (Appendix E)
the F Ps, the M Ps, the K Ps, and the X Ps account for 60. to 702 of the P firings In GPSR.
Since the M Ps are problem-solving methods, a high proportion there is inevitable, but the
Ps (filing), K's (matching), and X's (building external representations) should be less
prominent if possible. Fortunately, the PS representations are amenable to collapsing
sequences of related P firings, especially in the case of Ps that are interpreting task-
specific structures. As we have seen in the PS representation of loc-progs, in contrast to
the way the GPSR match works, it is possible to obtain a lot of action in a single P firing
that is adapted to the task structure. So the basic idea in what is proposed now is to take
further advantage of the fixed format and close similarity of task-specific objects. We
should be able to do this wherever an interpretive node-by-node search of objects is
done, or where components of a parameterized abstraction of node paths are examined
singly.

An easy way to find pointers to places where some P-firing collapsing may be
possible is the control flow trace, Appendix E. In that trace, P firings are grouped Into
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modules according to P initials, and the size of each group is given. Using thoes modules
in this way assumes that they represent modularity of knowledge, and that collapsing
firings across module boundaries is more difficult and has much less benefit because the
aspects of the Working Memory that are touched on in different modules are almost non-
overlapping. The following are suggested using a minimum of 5 P firings in one module.
The match (K Ps) could be organized to recognize specific differences with single P firings,
given the proper setup (similar to the loc-prog filing process)h, although some differences
would be extracted much more easily, there is still the problem of determining what more
has to be done in the match by the interpretive process. The operations evoked by task
operators (T Ps) could be collapsed into a loc-prog access followed by the appropriate
operation at the location. Similarly, with the proper variants of the loc-prog access
mechanism, copying objects (C Ps), constructing desirable assignments (M32 ft.), and
building the external representation of objects (X Ps) can be streamlined into fewer
segments that do the same action as the interpretive node search. Perhaps the loc-prog
filing process could process sets of links together also, after an initial determination of the
size of loc-progs appropriate to a particular problem. Desirable assignment filing could be
adapted to respond faster on known variable subsets composing the assignments. A few
of the P firing sequences indicated as candidates for this discussion by the control flow
summary trace are not considered here but are below with the erasure topic. Others are
sequences of control that is not task-specific, so that a way is not yet seen to easily
collapse them.

To get some idea of where it is necessary to reduce the size of Working Memory,
we consider the state after the MCO test run in Appendix F. Working Memory has about
1270 instances for that test (the number of instances at the end of tests ranges from
somewhat more than that for MC1 down to about 350 for MK). Of those, 43. are used in
instances dealing with the goal-subgoal structure, spread over 17 predicates, with a
maximum per predicate of about 70 instances; 28%. are used to represent objects, mostly in
two predicates, LINKS and 14ASVAL, which are heavily loaded with 192 and 154 Instances;
and 13% are used in Try-Apply context that is saved to allow goals to be retried to
explore alternate paths - of these, most (115) are in the ASSIGNS predicate, which holds
operator variable assignments.

A more dynamic view of the memory state is given by the data-flow analysis
summary at the end of Appendix E; that summary indicates a history of instances of each
predicate in terms of how long the delay is between assertion and final use. Predicates
whose instances have long delays are considered more global or long-term than others, so
that these are candidates for being stored in Ps and evoked later when needed. By this,
the goal representation, operator components, variable domains, desired assignments, and
objects rank as most global; Try-Apply context, information on the created net Ps (desired
assignment, object, and loc-prog), and loc-prog components are less global but can't be
considered local.

Thus, according to both static and dynamic considerations, goals, objects, and
assignments must be stored as RHSs of specific Ps, evoked whenever they're needed, and
erased from Working Memory after use. This would reduce Working Memory to about 200
instances, with no predicates having a large number of instances, thus making the match
more efficient by reducing access time for memory items. Of those 200, about 100 are
instances of predicates unused except for debugging. This change in memory for goal
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contexts would necessitate the use of an EPAM net for goal recognition, as opposed to the
present specific Ps that match to all of the past goals in Working Memory. Changes would
be necessary in the Try-Old-Goals process, with probably the necessity to record a goal's
status In relation to Try-Old-Goals when it is erased from Working Memory. Also, the
storage of objects in Ps makes representing TABLE:CONN and D!FF.OROER as objects
somewhat clumsy, so that a more suitable specialized representation would be used. With
respect to efficiency, the other representations above are not important, but they will be
discussed below in connection with further discussion of Working Memory reduction.

Erasure in GPSR is achieved in many cases by specific Ps that do only erasure, and
these account for about 127 of all P firings on a typical test run. For instance, specific
erasure must be done for intermediate results of the Match-Diff submethod (M22 ft.) and
for stopping the match from generating more than one difference when filing objects F20
ff.). These erasures are within P modules, so perhaps they are collapsable by the methods
used above for other multi-P segments, but the problem is that what needs to be erased Is
somewhat variable. Three approaches deal more directly with erasure, as follows. More
powerful erasure actions might be incorporated into the PS language, so that a single RHS
action would accomplish the work of many P firings. The examples seen so far tend to be
composed of instances that are readily described by simple patterns such as oll instances
of some set of predicates. Having Working Memory automatically fade over time would be
another way of erasing unneeded elements, although there is need occasionally for explicit
erasure, so this could not be adequate by itself. Finally, having the size of Working
Memory fixed, with new elements replacing old ones according to a first-in-first-out
discipline would have properties similar to the preceding.

Changing certain operations from the PS language to action (RHS) functions might
Improve efficiency in some limited areas. We have already discussed having more
powerful erasure operations, which is an example of this hybridization. Another Is more
powerful P-building operations. It might be useful to have more power than just
modifying current functions to be more convenient but using a similar number of P firings
(such as are discussed below). A more powerful capability would involve, for instance,
picking up a set of Working Memory instances, forming them into Ps by matching argument
positions and generalizing constants. A third possibility for using better Lisp supporting
functions is to make the interface between Working Memory and the external environment
more automatic; for instance, this would replace the X Ps in GPSR by a single R14S action.
Psnlst's limited macro capability only accesses Working Memory through variables bound
by an ordinary PS match, but the more powerful function would access Working Memory
directly.

We now turn to the topic of difficulties with the eI language from an implementation
viewpoint: those features that made programming somewhat clumsy and debugging more
difficult. In the next three paragraphs, we will discuss three difficulties as follows. The
need for special Ps to do erasure has an impact on programming ease as well as on
efficiency as discussed above. But there are also some important positive properties of
erasure. The need for synchronizing "parallel" P firings as discussed in Section El has
undesirable properties of requiring Ps to be rather large and to include conditions about
diverse kinds of knowledge. A better set of operations to add Ps and modify them will be
presented with the aim of reducing the amount of list-processing and unnecessary
manipulation in Ps.
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There are 24 Ps In GPSR that do erasure exclusively, accounting for about 121 of P
firings in a typical run, as mentioned above. In addition, erasure will become more
prominent perhaps as more of Working Memory is converted to Ps as has also been
discussed. Erasure is most clumsy in: removing intermediate data from Match-Diff; erasing
unneeded match results; erasing objects that are duplicates of previous objects;

. terminating processes before they have fully run their course, for instance, Match-Diffl In
object filing and stopping the search for identical desired assignment when recognizing
goals, both of which are instances of finding one member of a set that has some property;
erasing unused choices in Try-Old-Goals; and erasing assignments for Inapplicable task
operators in Try-Apply. But erasure is also useful in some cases: in indicating that some
data has been processed; in keeping track of context, when in a generation process; In

stopping processes before completion or in general in interrupting processes; In indicating

some property of a structure without making an addition to the structure - for instance,

some goals are rejected from retrying in Try-Old-Goals by absence of a difficulty value;
and In showing selection by erasing unselected candidates. Remedies for negative aspects
of erasure have been discussed above.

Synchronization of parallel P firings, discussed in Section E.1, has two undesirable
features from the programming viewpoint: it makes Ps rather large; and these large Ps use
diverse knowledge and are not as localized and independent as Ps usually ore, making

assumptions about the related processes which are subject to change later. For Instance,

the F42's which do synchronizing of several matches potentially in filing objects, Im4

which synchronizes feasible assignment generation for potentially many operators, and
M45 which synchronizes collection of operator differences in Try-Apply. Also It can be
clumsy to test and re-assert control signals in trying to finish up loose ends In a process
that may have fired in parallel. One remedy is to remove the feature, which is discussed

in Section E.I. A second is to add some control primitive that could be used to insure that
all data asserted since some special signal or since some point in the P firing history has

been examined; this might be more satisfactory then the present use of ad hoc data signals

for the same function.

Present P-building operations are clumsy because they require an inordinate amount

of list-processing in the RHSs of Ps, making the PS look more complex than it really is and
reducing readability (see, e.g., F4, F34, F55). The actual operations used in GPSR are much

less general than full list-processing, so that we can propose a set of better operations as

follows: add P; extend LHS of P - e.g., as links are collected and tacked onto a basic P in

building up a loc-prog recognition P; extend RHS of P; extend a nested conjunction Inside

an LHS - e.g., when a P has a nested conjunction that excludes conditions in another P and

that other P is being extended; split a P by extending its LHS in two distinct ways,

carrying over the same RHS in both; update an RHS conjunct, as when in splitting a P, a

constant in one of the RHSs needs to be changed; maintain more information on LHS
variables, and use it when extending an LHS (although perhaps this doesn't belong in the

primitive set) - in GPSR some LHS extensions share one or two variables with the previous

LHS but want most extension variables to be distinct from existing ones.

In GPSR, PSs have been used as a language with emphasis on convenience,

expediency, and efficiency, rather than with a view towards accurately simulating human
performance at the PS level. Considering a PS program as a human simulation imposes a
number of constraints on the form of the program and its execution. P size in humans is

IV-73 0.2



G.2 Topics for Further Research WSR

probably limited;, that is, there might be limits on the number of conditions and actions In
each P that would have to be taken into account in an implementation. Humans appear not
to have the same kinds of arithmetic and list-processing primitives that are used in GPSR
In some cases, other primitives would be used, and in others, GPSR primitives would be
achieved by sets of Ps. On the other hand, the power of the PS used in GPSR is probably
much less powerful than the human control mechanism in some respects: the human might
have a much more GPS-like match capability, with provision for dealing with partial
matches and extraction of differences; and it probably has facilities for adding Ps and for
collapsing sequences of P firings into fewer firings, perhaps as sketched above. But the
most gross characteristics of GPSR that don't coincide with what is known about the human
immediate processor are the size and persistence over time of Working Memory items.

We have discussed some of the ways GPSR could be changed above, in connection
to making it more efficient, but the additional Working Memory issues to be discussed now
are perhaps contrary to efficiency, and are based on the principle that Working Mvemory is
small and short-term. All of the following issues are to be dealt with by storing
information in RHSs of Ps, to be evoked on demand. Task-specific variable domains are
presently asserted at the beginning of a problem and are used from Working Memory
throughout a problem run. Context for the three networks of Ps that are built up by
GPSR, consisting simply of pointers to the last Ps added, are kept as Working Memory
Items. Components for task operators are kept in Working Memory and used through the
run by the desirability selection process; modification to have these stored as Ps would
have the advantage that erasure after they had been used in constructing desirable
assignments would be an indication of successful completion of that process. Finally, Try-
Apply context, which is used when a goal is retried at some time later than Its creation,
could be stored as P RHSs, but other approaches might be more suited to the problem-
solving methods. Which one of the following four approaches is most useful depends on
the size of the set of alternatives that constitute the Try-Apply context, on how many
times a generator of alternatives is restarted, and on how much of the generator's output
is used each time it is started. First, a problem-solving method that can't do as complete a
search of alternatives might be used. Second, generation might be more conservative - Ps
could keep track of what has been generated so that the generator could resume. Third,
the generator could generate the full set of alternatives once and an auxiliary P could
store the part of the set that remains unused, with the RHS of the P being replaced as
more is used or with a new P with a shorter RHS added and the old one masked by adding
dummy LHS conditions (the assumption is that Ps can't be deleted). Fourth, the generator
could create the full set of alternatives each time and auxiliary Ps could then consume
parts of the set immediately to show which are undesirable due to past use.

Expansion of the task domain handled by GPSR might best be achieved by making
GPSR more interactive, as discussed in the last few paragraphs of the preceding
subsection. Here we discuss briefly how PSs have an impact on this goal. With respect to
the incremental simulation technique, the PS step size and the GPS executive-method-task
division are useful. The high level of PSs makes the expression of knowledge similar to
the GPS method level, but of course the entire GPSR program is at that level and uniformly
expressed. Thus, experiments with all GPS constructs are conducted in a language close to
that method level. As we have seen, the openness of PSs makes extension easy (Section
E3), but PSs also seem promising with respect to making changes in natural language, and
examining the knowledge content of Ps also in natural language. We saw an example of
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natural language expression of knowledge in GPSR in Section E.5. Finally, maintaining a
useful history of program operation is essential to useful interaction. For PSs, the history
consists of the P firings, and if this is detailed enough, it can be used for backing up to
undo a stream of behavior, for detecting common sequences so that shortcuts can be taken
or planning in the senses discussed in the preceding subsection can be done, and for
making analogies with similar previous behavior so that errors can be diagnosed, or so
that methods can be generalized or extended to work in new situations. PSs can be used
to detect conditions of program error, and simply to direct the process elsewhere using
standard GPS executive processes, thus avoiding errorful areas of the search - this
assumes that the methods are redundant enough that there Is more than one method to
getting past some obstacle. Having Ps detect and fill in partial matches by determining
what is supposed to be there for a process to work (by analogy as suggested above) Is

also conceivable.

.3. Production systems as a new level of Problem-solving

From the work with GPSR, it is evident that PSs constitute a real advance In the
nature of problem-solving languages and, by extrapolation, in organization of problem-
solving programs. To see this consider three classes of problem solvers: GPS, theorem-
provers, and PSs. The traits that should be emphasized for our comparison are as follows.
For GPS, methods are powerful heuristics, allowing search through the set of problem
states to be significantly pruned. GPS is limited to relatively small objects (problem
states), and is limited in its ability to describe match differences. GPS is also limited in its
ability to become tuned to particular tasks (but not GPSR, we maintain). The power of GPS
to solve problems, and for problems to be expressed in language usable by GPS, seems to
be good, but we have no rigorous proofs of task area coverage or language power. For
theorem provers, strategies seem to be weak, since they are uniform procedures with
search not so easily restricted. There are no limits on representational power as It
pertains to objects or descriptions of differences, except that some solution to the frame
problem must be used. Theorem provers are not obviously tunable to particular tasks.
Expression of tasks for them is uniform and general. For PSs, we now can say that GPS's
methods are usable. In addition, they can represent with the same power as theorem
provers, but their expression is not limited to declarative (non-procedural) forms. PSs are
tunable to particular tasks and open for modification, as sketched above, especially with
respect to properties of GPSR's representations. In most respects, other new Al
languages (see Bobrow and Raphael, 1973), for instance the Planner-like ones, are very
much like PSs; the exceptions are the last two properties of PSs: there has not yet been a
demonstration that they can become tuned to tasks, nor has their representation been
demonstrated to be as much a mixture of declarative and procedural as have PS
representations. Thus PSs are an advance in constructing problem solvers, in combining
useful traits of GPS and theorem provers, and in addition having the traits of tunability to
tasks and flexible representation.

GPSR's organization of executive + methods + task Ps is modular with respect to
bodies of knowledge in each of the components, but in itself this is not a point of
superiority over other languages. The essence of means-ends analysis is the particular
combination of transform, reduce, and apply methods, so this is not likely to be a place to
distinguish PSs from the others. Also, the processes that compose methods appear to be

IV-75 0.3



G.3 Topics for Further Research GPSR

modular and could be used in new combinations for new methods; other processes could
likewtk, replace the present ones. But only the most general aspects of PS* seem to be
helpfui here, namely uniformity of expression, high level of expression, explicitness, and
the global property of Working nemory. That is, we must look for PS advantages at more
specific locations in the GPSR organization.

The GPSR organization is open for use as a driver or subroutine of some problem
solver, as follows. There are three points where an interface to a problem solver could
occur: the place between the external evoker and the GPSR executive; the place where
the executive evokes the methods; and the place where methods evoke task Ps. For the
first, GPSR is open because action is in small increments; this allows an outer process to
Interrupt at each executive cycle. The executive has very little control context: just
sequencing commands from specific methods (that specify what is to be done on success)
and the information stored in the goal network. Also the executive requires little input:
just a few goal properties. The executive is independent of task representation, working
at a rather distant level from the task; this may or may not be a feature that distinguishes
the PS implementation from others. For the second interface, the only advantages from
PSs are the uniformity of expression of all parts of the program and the high level of PSs
as a language. For the third interface, having the task expressed as Ps is quite an
advantage, apparently. Other languages distinguish too much between data and
procedures to allow such flexibility.

S!
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